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   Silks have become one of the most intriguing natural material marvels owing to 
their exceptional properties. The topic concerning why and how the mechanical 
performance of silk fibers can be enhanced has drawn many interests in scientists 
and engineers and remains under debate.  
  The Young’s modulus, breaking stress, breaking strain and breaking energy have 
been measured for spider dragline silk and silkworm silk reeled at various speeds. 
Correspondingly, the orientation function f, showing the alignment of β-
crystallites along the fiber axis, size of β-crystallite in three dimensions, crystallin-
ity, the ratio of crystallite structure to overall quantity of structure and inter-
crystallite distance along and perpendicular to fiber axis have also been character-
ized. Based on the experimental the above results, we have built a general relation 
between the mechanical properties and the crystalline structure of silkworm silks 
and spider dragline silks. The knowledge acquired not only explains why spider 
silk is stronger than silkworm silk, but also sheds light on identifying innovative 
and robust techniques in fabricating ultra-strong silk and silk-like fibers. 
  A multi-scale model called Network–Non-slipping Fibril Bundle (N–NFB) 
model based on the nano-molecular networking and nano-fibril bundles of silk 
fibers has been put forward to describe the breaking mechanism of spider dragline 
and silkworm silk fibers. The model is able to predict the breaking stress of both 
spider and silkworm silks from the measured crystalline structures. The predicted 
strength by N–NFB model was compared with the experimentally measured 
strength for spider silks to verify the breaking mechanism described by N–NFB 
model. Moreover, two other models called Bulk Network (BN) model and Net-
 vii 
 
work–Slippery Fibril Bundle (N–SFB) model were also built to predict the 
strength of silk fiber based on measured structure and compared with the meas-
ured strength. 
  The strain recovery (SR), as an important representation of the elasticity of 
materials, is correlated to the structure of stretched silk fibers. SR decreases 
linearly with the fractured crystallite ratio. In other words, the ability of the silk 
fiber to recover to its original shape decreases linearly with the ratio of fractured 
β-crystallites. The understanding not only explains why spider silk has a better 
strain recovery than silkworm silk but also illustrates the difference of strain 
recovery among silkworm silk fibers reeled at different speeds. The recoverable 
intra-molecular β-sheet contributes to the 100% elastic recovery of spider dragline 
silks in the strain-hardening region because it prevents the fracture of β-
crystallites. For the silk fibers reeled at faster speeds which have more aligned β-
crystallites, the strength to pull a molecular chain out of the β-crystallite is larger. 
As a result, it will be more difficult to fracture the β-crystallite; the stretched silk 
fiber can be more easily restored to its original state. Consequently, they will have 
larger strain recovery (SR). The understanding obtained will enlighten the design 
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CHAPTER 1                              
Introduction 
 
1.1  Natural Silk Fibers 
  Silks are mainly produced by the larvae of insects such as moth caterpillars 
(worm) and by some adult insects such as web-spinners. Silk production is also 
common in the Hymenoptera such as bees, wasps, and ants, arachnids such as 
spiders.  
  One of the mostly studied and best-known types of silk is produced by the 
Bombyx mori (B. mori) mulberry silkworm (Figure 1.1a). The cocoon (Figure 1.1b) 
shell layer is to protect the moth pupa against external attack. The cocoon silk of 
the larvae of the B. mori silkworm has been woven into textiles (Figure 1.1c), 
widely used in our daily life and industry.  
 
Figure 1. 1 (a) B. mori silkworm, (b) silkworm cocoon, and (c) silk textiles.  
  Another commonly studied silk is spider silk. In order to catch prey, many 
spiders possess different silk types to construct disparately shaped webs, among 
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which orb-webs are the best studied. Figure 1.2 shows the schematic illustration 
and real photo of an established orb-web of spider Nephila.pilipes (N.pilipes). In 
general, there are four different kinds of silk in the construction of orb-webs: 
dragline silk (also termed as Major ampullate (MA) spidroin silk), Minor ampul-
late (MI) spidroin silk, flagelliform silk and piriform silk. Dragline silk is used in 
the building of the framework (frame and radii) and life line, as shown in Figure 
1.3. MI silk is utilized to form a temporary auxiliary spiral to stabilize the web 
structure and to perform as a template for the succeeding capture spiral which is 
formed by flagelliform silk. The gluey piriform silk is used as “attachment ce-
ment” to attach the orb-web to substrates. [1, 2] Spiders also produce different 
kind of silks for other purposes. The other three kinds of spider silks are aggregate 
silk, aciniform silk and cylindriform silk, the function of which are illustrated in 
Figure 1.2 correspondingly. 
 
Figure 1. 2 Schematic overview of different silk types produced by female orb weaving 
spiders (Araneae). Each silk type (highlighted in red) is tailored for a specific purpose. 




  Among the miscellaneous types, dragline silk, also termed as Major ampullate 
(MA) spidroin silk, is the most extensively characterized spider silk. Figure 1.3 
shows the real photo of the spider dragline silk for different species. The Spider 
dragline silk is used as a safety line and the framework for the spider web, absorb-
ing the kinetic energy of the colliding insect without breaking and bouncing the 
insect away from the web. The lifeline is to support and provide efficient energy 
buffering while an abseiling spider is escaping from a predator. The mechanical 
properties of spider dragline silk are evolved ecologically to give the functions. 
(a) (b) Nephila edulisAraneus diadematus
 
Figure 1. 3 Real photo of orb-web of spider (a) Araneus diadematus (b) Nephila edulis.The 
mostly studied type of spider silk is the dragline silk, which is used in the building of the 
framework (frame and radii) and life line. 
  
1.2 Mechanical Properties of Silk Fibers    
 
  Spider silk fibers possess unique and superior mechanical properties.  The 
mechanical properties of silk fibers are normally characterized by stiffness, 
strength, extensibility and toughness. The mechanical properties of silks are 
determined from their response to tensile deformations, which are conducted in 
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machines such as Instron MicroTester, [4, 5] deriving stress-strain curves. As 
shown in Figure 1.4, typical stress-strain curves of silk fibers exhibit a linear 
stress-strain relation until a yield point. The slope of the linear section is defined 
as Young's Modulus, representing the stiffness/rigidity of the silk materials.[6] 
Strength and extensibility is the stress and strain at the breaking point. Toughness 
represents the sum of energy absorbed by the material before failure, which is 
calculated from the area under the stress strain curve.[7] Figure 1.4 shows the 
comparison of the mechanical properties between the silk fiber with other materi-
als. [8]  It shows that the spider dragline is quite stiff and strong compared with 
many other materials. Although it is weaker than Kevlar, Carbon fiber and steel, 
the dragline silk has the largest toughness. The toughness of spider dragline is 
about 3 times larger than the one of Kevlar 49. This unrivalled toughness benefits 
from the combination of strength and extensibility. 
 
Figure 1. 4 Stress strain curve of silk fiber that can be used to calculate the stiffness, strength, 







Table 1. 1 Tensile mechanical properties of spider dragline silks (Araneus MA silk) and other 
materials. (Reproduced from [8]) 
 
 
 In addition, spider dragline silk is capable of absorbing great impact energy with 
low impact force at collision.[5] The impact force increases in a very slow manner 
owing to its marvelous extensibility and gradually hardening mode. As a conse-
quence, the spider colonizing the web would have been knocked off upon the 
shocking impact. In contrast, Kevlar comprises very rigid molecules which incline 
to form mostly planar sheet-like structures[9] and the filaments are very rigid and 
brittle.[10] If Kevlar 49 filaments become the substitute of the draglines in a 
spider web, the collision of a flying prey into it would result in a tremendous 
shock.  
  Apart from its classical mechanical properties, spider dragline silk has the ability 
to undergo supercontraction, a phenomenon describing the large shrinkage in the 
length of unrestrained spider dragline silk when it is immersed in water or ex-
posed to high relative humidity environments at room temperature.[11-13] 
Furthermore, spider silk also has a torsional shape memory, which allows the 
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spider dragline thread, after being twisted, to oscillate only slightly, and by this 
means to totally recover its initial form.[14, 15] This unique property allows 
spiders to rapidly descend using dragline silk as a lifeline in case of danger. 
  On the other hand, Bombyx mori cocoon silkworm silk fiber is of inferior me-
chanical properties although the two types of silks share the similar nano and 
micro structures.[7, 16] However, the silkworm can produce silk with significant-
ly improved mechanical properties when reeled in a steady and controlled manner, 
with the strength approaching 1GPa.[16]  
 Figure 1.5 shows the comparison of typical stress-strain curves of silk fibers from 
spider Nephila pilipes dragline silk (by forced silking at 10 mms-1, curve a) and 
silkworm Bombyx mori cocoon silk (curve b), Kevlar 49 (curve c), and rubber 
(curve d).  After the yield point, the spider dragline initially exhibits a characteris-
tic J-shaped behavior of “strain-hardening” (the slope of the stress-strain curves 
increases with strain) until point H, followed by a so-called “strain-weakening” 
behavior (the slope of stress-strain curves decreases with strain) until the ultimate 
breakage. Other species of spider draglines demonstrate similar stress-strain 
profiles,[17] indicating that strain-hardening could be a general feature of spider 
draglines. On the other hand, the silkworm silk acts only in the “strain-





Figure 1. 5 A comparison of typical stress-strain curves of silk fibers from spider Nephila 
pilipes dragline silk (by forced silking at 10 mms-1, curve a) and silkworm Bombyx mori 
cocoon silk (curve b), Kevlar 49 (curve c), and rubber (curve d). Inset: rescaled stress-strain 
curve of rubber. The stress-strain curves of silk fibers (curve a and b) are divided into two 
parts: linear (elastic) and non-linear regions. The mechanical characterizations were 
performed at 22C and the humidity was kept at 50-55%. (Reproduced from [5]) 
  It is worth noting that during the mechanical measurement of the specimen, we 
should keep the testing condition such as temperature, strain rate and humidity as 
a constant, because these parameters influence the mechanical properties. Normal-
ly, when tested under higher strain rates, visco-elastic synthetic polymers such as 
nylons are inclined to display increased stiffness and strength but decreased 
extensibility and toughness. It is interesting to observe that the stiffness, strength, 
extensibility and toughness of spider silk all increase with increasing strain rate.[7] 
According to the time-temperature equivalency principle, increasing the strain rate 
and decreasing the temperature play similar role in affecting the mechanical 
properties of visco-elastic materials, such as silks.[18, 19] The humidity of the 
environment during measurement should be kept lower than 70% to prevent the 
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occurrence of the super-contraction which will influence the mechanical proper-
ties of silks.[20]  
1.3 Silk Materials and Applications 
  Spider dragline silks and silkworm silk have become one of the most intriguing 
natural material marvels owing to its exceptional mechanical properties as well as 
biocompatibility, biodegradability, environment-friendly nature.[16, 21-25] In 
contrast to current petrochemicals based synthetic polymers, spiders and silk-
worms spin their recyclable fibers at ambient temperatures, low pressures and 
with water as solvent.[24, 25] In addition, silk has a very high strength-to-density 
ratio. It can reach the tensile strength of high tensile engineering steel with only 
1/6 of its density (1.3 g/cm
3
 for silk and 7.8 g/cm
3
 for steel).[26] Due to the 
abovementioned advantages of silk fibers, they can be widely applied in shock 
absorber area such as bullet proof vests, personnel protection from ballistic 
projectiles; applied in aviation and marine area such as parachutes, fishing nets, 
rope, sails, hang glider; applied in biomedical area such as surgical sutures, 
artificial tendons and skin grafts (Figure 1.6).  
SuturesParachuteBullet proof vest
 
Figure 1. 6 Wide application of silk fibers in shock absorber area, aviation and marine area 
as well as biomedical area. 
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  In addition, silk fibers can be reconstituted into materials of various forms such 
as hydrogels, films, fibers, sponges and other forms to be widely applied in 
functional devices and technology platforms such as photonics, electronics, 
optical fibers, adhesives, microfluidics, tissue engineering and drug delivery 
(Figure 1.7). [8, 27] The properties of these systems such as mechanical properties, 
degradation features and optical qualities can be modified by tuning the pro-
cessing modes to meet the requirement of applications. 
 
Figure 1. 7 Silk materials fabricated into various forms through processing into hydrogels, 
fibers, sponges, films, and other forms, widely applied in functional devices and technology 
platforms. (Reproduced from[8]) 
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1.4 Biomimicking and Natural Formation of Silk Fibers 
  Although the spider draglines possess superior mechanical properties, the 
inability to domesticate spiders because of their aggressive nature leads to limited 
application of spider dragline silk.  
1.4.1 Man-made Silk Fibers 
    Numerous attempts have been executed to artificially spun silk fibers from 
recombinant or reconstituted silk proteins [28-38] for industrial and medical 
applications.[39] Recombinant silk proteins are generated using genetic engineer-
ing from different host systems by large-scale expression of gene coding such as 
yeast, bacteria, goat, transgenic plants and transgenic silkworms, etc.[28, 30, 34, 
39-47] However, this method is very expensive. Reconstituted silks are generated 
from re-dissolving the natural silks (or the waste silks) with suitable solvents. The 
silk proteins in solution form are then processed into fibers through different 
methods such as electro-spinning [39, 48-50] and wet-spinning.[39, 51-53]  
  Electro-spinning processes integrate strong voltage gradients with syringe pump 
extrusion to fabricate either random or aligned fiber deposition,[48] with diame-
ters ranging from a few micro-meters to tens of nano-meters. Electron-spun fibers 
can be potentially applied in textiles, drug delivery systems, tissue engineering 
scaffolds, and wound dressings, etc.[54] 
  Wet spinning involves extruding spinning dopes into a coagulation bath, fol-
lowed by post-drawing to align the molecules. The solvents, concentration of silk 
protein solution, extrusion rate, coagulation bath and post drawn are important for 
the mechanical properties of the formed fibers. The solvents used for spinning 
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dope are to guarantee the spinnability of the solution. Many solvents severely 
degrade the silk fibroin, generating weaker fibers.[52] Although trifluoro-acetic 
acid (TFA) can lead to fibers stronger than their natural counterparts,[53] it is too 
expensive for commercialization. The high concentration of silk protein solution 
as spinning dope is important to ensure the high packing fraction of the protein 
chains, prerequisite for good mechanical performance. The extrusion rate is 
crucial to the behavior of the silk during drawing, and consequently to the me-
chanical properties of the fibers. Too slow rate will lead to irregular cross-section 
of fiber or failure of formation of fibers, while too fast rate will lead to very brittle 
fiber. A coagulation bath which can provide a moderate coagulation rate would be 
chosen. The post-draw is to reduce the diameter of fibre, diminish the entangle-
ment, and increase molecular orientation.  
  For instance, Figure 1.8a shows the wet-spinning apparatus in Zhou et al.’s 
work,[55] which produces man-made silk fibers. A 15% (w/w) regenerated silk 
fibroin (RSF) solution was prepared by dissolving degummed silk in 9.3 mol L
-1
 
LiBr and concentrating it by reverse dialysis against polyethylene glycol (PEG). 
These solutions were extruded into an aqueous 30% (w/v) ammonium sulphate 
coagulant solution at 60 °C. For this, as-extruded fibers were wound out of the 
coagulation bath using a constant speed of 200 rpm plastic roller across an air gap 
of 40 cm. The fiber was highly lustrous (Figure 1.8b), and had uniform diameter 
and circular cross-section (Figure 1.8c). The fiber was fairly strong, and more 
extensible and tougher than raw undegummed cocoon silk.[55] The strength of 
these fibers could be increased by post-drawing manually in steam (steam anneal-




Figure 1. 8 (a) Schematic showing the small-scale apparatus used for trial spinning of 
regenerated silk fibroin. A: nitrogen gas cylinder; B: pressure regulator; C: dope storage 
cylinder; D: spinning dope; E: extrusion die; F: heated coagulation bath; G: draw rollers; H: 
take-up roller. (b) The lustrous regenerated silk fiber. (c) SEM images showing the uniform 
diameter, smooth surface, and circular cross-section. (Reproduced from [55]) 
  However, the mechanical properties of the native spider silks have not been 
reproduced with either reconstituted or recombinant spider silk proteins.[33, 56] It 
is mainly due to the hardness to replicate the structure that lead to the superior 
mechanical properties of the silk fiber. Hence, the in vivo formation of silk fibers 
that controls the structure of silk fiber with the unique protein dope and spinning 
process in its natural way is widely studied. 
1.4.2 The in vivo Formation of Silk Fibers 
  Native silk proteins are stored at concentrations up to 50% (w/v) known as the 
silk spinning dope, a highly viscous liquid crystalline solution, in the gland until 
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they are processed into fibers (Figure 1.9). Rheometry enables us to examine, in 
vitro, the spinning forces exerted to the dope in vivo along the spinning duct, thus 
imparting an analytical window into the silk spinning process. Holland et al. 
shows remarkable similarity between the rheology of spinning dope for native 
spider dragline and silkworm silk, despite their independent evolution and sub-
stantial differences in protein structure.[57] It also impresses us with the ability of 
both spider and silkworm to store silk proteins over long periods and stand by to 
spin to a fiber instantly. The difference of rheological behavior between native 
silk dope and reprocessed silk protein solution exhibits different structures of the 
spinning gel formed in vivo in contrast with the one formed in vitro.[57, 58] 
 
 
Figure 1. 9 The common silk processing in the spinneret in its natural way for both spider 
draglines and silkworm silks. Silk dope are stored in the gland, then move through the 
tapering duct with three limbs, encountering elongational flow, shear force and changes in 
their biochemical environment (ion exchange, decrease in pH and increased concentration). 
The preliminary fiber is reached after an internal drawdown process in the 3
rd
 limb and 
active evaporation of water after the valve. Finally, the silk thread exits the spigot with a 
post-spin drawing and further evaporation of water. (Reproduced from [59])  
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  As displayed in Figure 1.9, during the natural spinning process, the proteins 
move distally through the tapering duct which are divided into three limbs, where 
they encounter elongational flow, shear force,[2] and simultaneously, changes in 
their biochemical environment including ion exchange, decrease in pH and 
increased concentration.[60, 61] The pH reduction improves the shear sensitivity 
of the dope to induce its gelation.[62] Thus, simultaneous acidification together 
with elongational flow are essential factors influencing the transformation from 
dope solution to fibers.[63] A simple protein denaturation model raised by Porter 
and Vollrath proposes that the spin stress and pH gradient as factors to instable 
amide-water hydrogen bond, hence facilitate the replacement of stronger amide-
amide interaction.[64] In addition, metallic cations changes also contribute to 
promote the formation of silk fiber.[65] For example, the K
+ 
content is considered 
to induce the formation of β-sheet and nanofibril structure in spider silk gland 
dope.[62, 66] The liquid-crystalline spinning technology significantly reduces the 
viscosity of the silk dope. Hence, it enables the alignment of the protein molecules 
finely in a highly concentrated spinning dope ,with high energy efficiency.[21, 61] 
The preliminary fiber is reached after an internal drawdown process in the last 
limb of the duct, with active transport of water after the valve.[60, 61] The bio-
chemical and physical changes are accompanied by a liquid-liquid phase 
separation followed by a liquid-solid phase transition that results in a preliminary 
silk fiber. Finally, the silk thread exits the through the spigot with flexible lips, 
which places the fiber under tension for the post-spin drawing, where the remain-
ing solvent evaporates in air.[67] 
  Nature has created and refined protein structure through billions of years of 
evolution for various specific purposes. Amino acid sequences and their folding 
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patterns make concerted effort in creating elastic, rigid or tough materials, making 
nature's intricately designed products challenging examples for materials scientists 
to develop bio-inspired materials. To mimic silk successfully, we need to dupli-
cate the crucial features of feedstock dope as well as the spinning process. The 
key issues include how the spider and silkworm store protein dope in a highly 
concentrated liquid crystalline state and how it controls the processes in the 
spinning duct to form a supremely tough thread. Molecular biology helps us to 
extract, synthesize and assemble artificial genes to provide feed stocks for silk 
production,[29, 68-70] whereas classical morphological studies discover the 
details of the extrusion system.[67, 71-74] Combining these two biological 
disciplines with process engineering can envision the design of advanced and 
benign fiber extrusion technology, and eventually allow commercialization. 
  Silkworm cocoon silk is relatively cheap and quite sufficient for application due 
to sericulture. However, the mechanical properties of cocoon silks are much 
inferior to those of spider draglines although both silkworm and spider silk share 
similar way in the protein storage and spinning process. Apart from learning from 
natural manner to master the way of controlling the structure of silk fiber during 
its formation, it is also important to figure out the structural features that deter-
mine the mechanical properties of silk fiber in order to direct the tuning of 
structure in the silk fiber formation. Consequently, we can enhance the mechani-




1.5 General Structure of Silk Fibers   
  The mechanical properties are determined by structure at all level. It is widely 
accepted that the spider and silkworm silks are semi-crystalline proteins fiber, 
consisting of β-crystallite connected by amorphous linkages to form the network 
(Figure 1.10). [75-79] Amorphous linkages include secondary structure of protein 
such as helix, random coil, and turns. The β-crystallites are stacked β-sheets 
connected by van der waal interaction. The β-sheet is a general secondary struc-
ture of protein. In silk fiber, the β-sheet consists of anti-parallel β-strands 




















Figure 1. 11 The inter-connection along the inter β-sheet and inter β-strand direction in a β-
crystallite. 
  The general antiparallel β‐structures in protein show certain characteristic 
features. As shown in Figure 1.12a, the repeat along the chain direction consists of 
two‐amino acid residues and is often about 6.5~7Å long. The repeat distance in 
the direction of the hydrogen bonding between adjacent chains in the antiparallel 
β‐structures is about 9.6Å. The inter-sheet distance, determined by the side chain 
between the sheets is around 5~16Å.  The amino acid sequence of β-structure is 
(GAGAGS)n, n=1~11 for B. mori silkworm silks and (A)n, n=4~6 for N. pilipes 
spider silks (G: Glycine, A: Alanine, S:Serine). From the above primary structure 
of spider silk protein (spideroin) and silkworm silk protein (fibroin), the repeated 
distances in three dimensions (inter-sheet× inter-chain× chain axis direction) are 
estimated as 9.38×9.49×6.98Å for silkworm B. mori silks,[81] and 
10.3×9.44×6.95Å for spider Nephila dragline silks.[82] Based on the repeated 
distance, also known as the size of unit cell for the β-crystallites, the peak position 
in the WAXS pattern of these two silk fibers can be determined (Figure 1.12b). 
The peak position is important in the analysis of the crystalline structural features. 









Figure 1. 12 (a) The repeated distance in inter-sheet, inter-chain, chain axis direction 
determines (b) the peak position in the WAXS pattern of these two silk fibers.( Reproduced 
from [80]) 
1.5.1 Techniques to Study the Structure of Silk Fibers 
  Researchers have used many techniques to detect the structure that influences 
the mechanical properties. The techniques that are widely used to characterize silk 
fibers, revealing the general morphological and structural characteristics in their 
static or dynamic process are illustrated as below. 
  Firstly, the microscopic morphology can be observed by Scanning Electron 
Microscopy (SEM). Atomic Force Microscope (AFM) can be utilized to scrutinize 
the topography of fibers such as B. mori silkworm silk and spider silk,[83] offer-
ing details on the nanometer scale. Analytical Transmission Electron Microscopy 
(TEM) can demonstrate the diffraction patterns from organized structures in a 
fiber and assess the crystallite content in dragline silk.[84]  
  Secondly, advanced imaging techniques such as Raman spectroscopy, Fourier 
Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD) and Solid-
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State Nuclear Magnetic Resonance (SS-NMR) are important tools for analyzing 
the secondary and tertiary structure of the silkworm and spider silk threads.  
  Raman and FTIR spectroscopy are noninvasive techniques used to illustrate the 
dominant conformational contents of the fiber, by monitoring the amide I, II, and 
III frequencies values, which are indicative of α-helix, β-sheet, random coil, and 
turns in the fiber.[85-87] Raman micro spectroscopy was utilized to obtain the 
orientation of the carbonyl groups in silks via the amide I band by recording 
polarized spectra, therefore determining the orientation of the β-crystallites (or β-
sheet nanocrystal).[88] Conformational and orientation changes in fibers under 
stress and strain can also be observed by Raman spectroscopy.[89-91]  
  Wide Angle X-ray Diffraction (WAXS) and Small Angle X-ray Scattering 
(SAXS) can be applied to characterize the structure of silk threads during gradual 
stretching and in the static state. When combined with synchrotron radiation, 
small samples such as single fibers can be measured. The interference patterns 
coming out from the diffraction of the radiation can be related to the distance 
between domains in the fiber. Therefore the patterns can reflect the relative 
arrangements of the domains. We can obtain information of fiber structure such as 
the orientation distribution, showing the alignment of β-crystallites along the fiber 
axis (Figure 1.13a); size of β-crystallite in three dimensions (Figure 1.13a); 
crystallinity, the ratio of crystallite structure to overall quantity of structure 
(Figure 1.13b) and inter-crystallite distance along the fiber axis (l//) and perpen-
dicular to fiber axis (l⊥) (Figure 1.13b).[4, 92-95] The detailed characterization 








Figure 1. 13 Schematic illustration of (a) the orientation distribution, the alignment of the c 
axis of β-crystallites along fiber axis (Figure 1.7a); size of β-crystallite in Inter-sheet, inter-
chain, chain axis directions (a, b, c, correspondingly) (b) crystallinity, the content of β-
crystallites; inter-crystallite distance along the fiber axis and perpendicular to fiber axis. 
 
  Solid-State Nuclear Magnetic Resonance (SS-NMR) can characterize the dynam-
ics and reveal the local conformation where specifically labeled amino acids are 
discovered. The structural information gained by SS-NMR depends on the meas-
urement of chemical shifts, torsion angles and inter-nuclear distances. The 
packing arrangement and size are acquired through experiments which probe the 
dynamics and manifest information on the crystalline and noncrystalline content. 
For example, proton-driven 
13
C two-dimensional NMR spin-diffusion experiments 
on dragline silk thread suggest that the poly-Ala segments adopt a highly ordered 
β-sheet structure [78, 96] and the glycine-rich segments 3(1) helical structures,[97, 
98] both oriented in line with the thread. However, it demands a greater amount of 
sample and isotopic labeling of the fiber in most situations.  
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  In comparison, microscopy-related techniques are to image fiber morphology 
while Raman and FTIR spectroscopy can give a global portrait conformational 
content in the fiber. The XRD techniques display information in the crystalline 
regions of a material. SS-NMR, as a powerful technique to study natural protein 
fibers, allows the study of the molecular structure as well as dynamics of semi 
crystalline and amorphous materials.[96, 99-107] 
1.6 Strategies to Improve the Mechanical Properties of Silks 
  Owing to the fact that silkworm silk fibers are sufficient for application because 
of sericulture, efforts have been devoted to the enhancement of the mechanical 
properties of silkworm silk. Although Bombyx mori cocoon silkworm silk fibers 
are of inferior mechanical properties than spider draglines, changing the reeling 
manner of silkworm from the natural “figure of eight” to a steady and controlled 
manner will significantly improve the mechanical properties of the silkworm silk 
fiber.[16] Typical silkworm silk from B. mori cocoons has a strength of about 




.[108] On the 
other hand, the silkworm silk forcibly reeled at 4 mms
-1
 possesses an extensibility 
of 37% compared with 35% for Nephila spider dragline. The strength of silkworm 
silk forcibly reeled at 27 mms
-1
 can reach as high as 1GPa, compared with the 
1.3GPa of Nephila spider dragline.[16] The silkworm silk artificially reeled at 13 
mms
-1









Nephila spider dragline. [16] 
  Furthermore, the influence of factors such as forced reeling conditions, vapor or 
solvent treatment on the mechanical performance of silks is also examined. 
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  Forced silking technology is drawing the fiber from the spinneret of the immobi-
lized spider, and simultaneously winding it on a computer controlled spindle. 
Firstly, spider draglines and silkworm silks collected by forced silking at in-
creased spinning speeds would possess higher breaking stress and initial modulus, 
but lower breaking strain.[4, 16, 109] Higher reeling force makes the silk stiffer. 
[109-111] Furthermore, the draw-down medium and the length of the aqueous 
post-draw duct also play an important role in modifying the mechanical properties 
of silk. For instance, spider dragline silk spun into water displays greater strength, 
stiffness and resilience compared with silk drawn into air. Finally, elevated silking 
temperature leads to enhanced breaking strain and almost constant breaking stress, 
hence an improvement in silk toughness.[112] 
  Treating silks with polar solvents or vapor always greatly reduces the stiffness 
and improves the breaking strain greatly.[113-115] Polar solvent with small 
molecules seems to outperform those with big molecules in influencing the 
mechanical properties of silks. In addition, infiltrating metallic atoms such as zinc 
(Zn), titanium (Ti), or aluminum (Al), into the silk fibers through multiple pulsed 
vapor-phase infiltration performed with equipment conventionally used for atomic 
layer deposition (ALD) was considered as one of the effective approaches in the 
enhancement of the strength and toughness of spider silk dragline fibers.[116] 
  In conclusion, factors such as speed, force, medium and temperature of the 
forced reeling, vapor/polar solvents treatment, can be applied to improve mechan-
ical properties of silks to different extent. However, how the structural difference 
of the materials tuned by the above methods leads to the difference of mechanical 
properties is still not fully understood. 
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1.7 Motivation, Objectives and Scope 
  As it is widely known, silk fiber has become one of the most intriguing natural 
material marvels owing to their exceptional properties. Many efforts have been 
devoted to fabricate silk and silk-like fibers for industrial and medical application. 
However, the successful mimicking of silk fiber with superior mechanical proper-
ties not only lies on the study of the natural silk formation process, but also greatly 
depends on the understanding of the structural influence on the mechanical 
properties of silks. Besides, many efforts have been exerted to enhance the me-
chanical properties of silkworm and spider silks. Why and how the mechanical 
performance of silk fibers can be enhanced is still not fully understood. To get a 
comprehensive understanding of the structure-mechanical properties of the silks, 
the objectives of this thesis are summarized as: 
1. to build the relation between the structure and the strength of silkworm 
silks and spider dragline silk. The understanding will help us to understand 
why spider dragline silk is stronger than silkworm silk and shed light on 
identifying innovative and robust techniques in fabricating ultra-strong silk 
and silk-like fibers. Wide Angle X-ray Scattering (WAXS) and Microtest-
er were used to measure the crystalline structure and mechanical properties 
of Bombyx mori silkworm silks and Nephila pillip spider dragline silks 
reeled at varied speeds. 
2. to address the issues on how spider draglines and silkworm silk fibers 
break across the nano-micro scales and to predict the strength of a silk fi-
ber from its structure based on the multi-scale breaking mechanism 
described by theoretical models. The parameter setting of the theoretical 
model was based on experimentally measured value and reference. The 
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credibility of the model describing the breaking mechanism was testified 
by the comparison between the theoretically predicted value and experi-
mentally measured value of breaking stress. 
3.  to correlate the strain recovery (SR) or elastic recovery to the structure of 
silk fibers in order to develop techniques to enhance the elastic recovery of 
stretched silk fiber. The study is based on the investigation on the structure 
of silk and the stress-strain curves of cyclic tests. 
  As we know, silk materials have many forms such as filament, film, sponge, gel, 
etc. Our study focuses on silk filaments, i.e. silk fibers. In addition, we only study 
the silk fibers that are directly reeled from spiders and silkworms. Artificially 
manufactured silk fibers from recombinant or reconstituted silk proteins are not 




CHAPTER 2                                  
Materials and Methods  
 
2.1 Sample Preparation  
  Adult females of spider Nephila pilipes, captured from wild shortly before the 
collection of silk, were slightly anaesthetized by CO2 and fixed with soft tape. We 
waited at least 30 min to minimize any residual effects of the anesthesia. A 
computer-controlled motorized spindle allowed drawing spider dragline major 
ampullate (MA) at speeds from 1 to 25mms
-1
. The setup is shown in Figure 2.1, 
the software of controlling the speeds and length of the reeling is Motion 
Architect. 
  In addition, the silkworms were hatched from silkworm eggs at about 28˚C, 
75~85% Relative Humidity. The silkworm eggs were stored in fridge at 4˚C and 
in good air flow condition before the hatching. The Bombyx mori silkworms were 
fed with silkworm chow, which was sold in powder form and then mixed with 
water in 1:3 w/v and cooked in microwave oven for 4min. It normally takes about 
4 weeks before the silkworms reach the end of its 5
th
 star, with the skin turning to 
transparent and ready for silk collection. When collecting silks, the silkworms 
Bombyx mori were immobilized with clamps and forcibly silked at speeds from 1 
to 27mms
-1




  During the silk sampling of spider and silkworm silk, the temperature was held 
constant at the ambient room temperature of 23C and the humidity was kept at 
50~55%.  
 
Figure 2. 1 The setup of the reeling of draglines MA from an immobilized female spider 
Nephila pilipes (above) and the reeling of natural silkworm silk from an immobilized Bombyx 
mori silkworm (below). 
  And all the silks reeled from the silkworms were degummed by washing the 
fibers for 45 mins in a 0.5 wt% of NaHCO3 in water at about 100C, followed by 
rinsing with deionized water. The degumming setup is shown in Figure 2.2. The 
degummed silk fibers were air dried for 2~3 days.  
 
Figure 2. 2 The setup of the degumming procedures of silkworm silks. 
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2.2 Mechanical Tests 
  To obtain the mechanical properties of the silk samples, Instron Micro Tester 
(Model 5848) was used to measure their stress-strain profiles. The whole tests 
were performed at 22C and Relative Humidity at 50~55%.  Figure 2.3a shows 
the Instron Micro Tester (Model 5848) ,with the force resolution at 0.5% of 
indicated load and position resolution at 0.02µm. Figure 2.3b displays the 
schematic illustration of the silk sample attached to the paper frame with fixed 
length of 20mm and the two ends were fixed with double-faced adhesive tape. 
Then paper frame was loaded to the clamps (inset of Figure 2.3a) of Micro 
Tester .The silk was then under the mechanical deformation until fracture with a 
strain rate of 50% per min (Figure 2.3c).  
 
Figure 2. 3 (a) Instron Micro Tester (Model 5848) (inset: the clamp that holds the paper 
frame) (b) silk sample attached to the paper frame with fixed length of 20mm before the 
mechanical test. (c) the silk sample under the mechanical deformation until fracture. 
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  For a typical cyclic test, the stretching measurements on single silk fibers were 
carried out by Instron Micro Tester (Model 5848) using Micro Tester cyclic 
tensile profile. Each fiber was stretched to a certain strain ε1 for the first loading 
and then relaxed to its original length followed by the second loading and relaxa-
tion process. The same procedure was employed to a series of strain ε1, ε2, ε3, ε4, ε5 
at the value of 1%, 5%, 10%, 15%, 20%, etc. The samples were from the same 
batch of B. mori silkworm silks artificially reeled at the same speeds. The initial 
length of silk specimen was 20mm. The strain rate of the mechanical deformation 
was 50% per min. The force and distance were sampled with 50ms
-1
. All the 
experiments were conducted at 22˚C, 50~55% Relative Humidity.  
  The stress of the silk material was calculated by the load measured from the 
Micro Tester devided by the cross section area. The cross section of the spider silk 
can be regarded as circular shape, so the cross section area can be calculated from 
the diameter which is measured from Microscope (Olympus BX 60). The cross 
section area of the degummed silkworm silk fibers can be calculated according to 
the mass devided by the length and the density of silk ,i.e. 1.345g/cm
3
. The mass 
is weighed on Shimadzu AW220 (Max=220g, d=0.1mg). The length can be 
calculated from the perimeter of the bobbin (the rotating cylinder where the reeled 




2.3 Structural Characterization 
2.3.1 Wide Angle X-ray Scattering (WAXS) 
  WAXS is a widely used technique to determine the crystalline structure in 
biomacromolecules or polymers. The schematic illustration of WAXS is shown in 
Figure 2.4. The X-ray beam of a characteristic wavelength passes through the 
specimen (biomacromolecules or polymers). The crystalline phase causes the 
diffraction of the X-ray beam. The resulted diffraction pattern is then recorded by 
the Charge-coupled Device (CCD) detector. 
 
Figure 2. 4 Schematic illustration of Wide Angle X-ray Scattering (WAXS).  
  In our study, Wide Angle X-ray Scattering (WAXS) patterns of a bundle of 800 
Nephila pillip spider dragline Major Ampullate (MA) and 800 degummed 
silkworm silk filaments were collected using Rigaku MicroMax-007 HF XRD 
(Figure 2.5) to characterize the structure of crystallite and amorphous region 
including the crystallite size, crystallinity and orientation of crystallites. The beam 
size at sample was 208μm and the radiation wavelength was 1.5418 Å for Cu Kα. 
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The sample-to-detector distance was 6 cm and the exposure time was 50s. The 
generator was operated at 40 kV and 30 mA.  
 
Figure 2. 5 (a) the Rigaku MicroMax-007 HF XRD , (b) the sample holder, spider and silk 
specimen fixed by paper frame, beam stop, detector. 
  Wide Angle X-ray Scattering (WAXS) was employed to characterize the crystal-
linity (c%), three dimensional size (La ,Lb, Lc) and orientation function (f ) of β-
crystallites.[4, 5, 94, 117] f demonstrates the alignment of the β-crystallites in the 
silk fibers and can be used to calculate the distribution of the orientation angle θ of 
crystallites along the fiber axis. The crystallinity c% and the three dimensional 
size of β-crystallites (La ,Lb, Lc) can be used to calculated the inter-crystallite 
distance in transverse (l⊥) and longitudinal direction (l∥) The detailed analysis 
methods are described as follows: 
  (1) Crystallinity, dimensions of crystallite, and inter-crystallite distances: The 
radial integration of intensity as a function of diffraction angle along the equatori-
al and meridian direction of the WAXS pattern (Figure 2.6a) was deconvoluted 
into crystalline peaks and amorphous halo. For spider silk, as shown in Figure 
2.7a, the equatorial data were deconvoluted into three crystalline peaks corre-
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sponding to the (100), (200), (120) Bragg reflections (black, solid line), an amor-
phous halo (black, dashed line) and a broad peak at high diffraction angle that is 
caused by the superposition of several weak crystalline reflections (black, dashed 
line).[94] Integration along meridian was deconvoluted into a crystalline peak 
(002) and an amorphous halo (Figure 2.7b).[94] For silkworm silk, as shown in 
Figure 2.7c, the equatorial data was deconvoluted into four crystalline peaks 
corresponding to the (100), (200), (120) and (300) Bragg reflections and an 
amorphous halo. Integration along meridian was deconvoluted into another two 








Figure 2. 6 (a) The radial integration of intensity as a function of diffraction angle along the 
equatorial direction of the WAXS pattern. (b) Intensity integration as a function of azimuth 









Figure 2. 7 The radial integration of intensity as a function of diffraction angle 2theta along 
the equatorial direction of the WAXS pattern of (a,c) Nephila pillips spider silk reeled at 
10mms
-1
 and Bombyx mori silkworm silk reeled at 13mms
-1
 and (b,d) meridian direction. The 
curves were fitted into corresponding crystalline peaks and an amorphous halo. 
  The crystallinity is determined by the ratio of the under area of crystalline peaks 
to that of the total reflection patterns in equatorial data. According to Scherer’s 






L  , where 
FWHM means Full Width at Half-Maximum of the peak at the diffraction angle θ 
and the wavelength of incident ray λ equals to 1.5418Å. The crystallite size along 
a, b, c directions is then determined by the position and FWHM of the (200), (120) 
and (002) peaks.  
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  The inter-crystallite distance in transverse (l⊥) and longitudinal direction (l∥) can 
be calculated from the crystallinity c%, three dimensional size of β-crystallites 
La ,Lb, Lc, through 
1/3/ ( %)a bl L L c  and 
1/3
/ / / ( %)cl L c .  
  (2) Orientation function: Intensity integration as a function of azimuth angle at 
(120) and (200) peaks (Figure 2.6b) were fitted as the Gaussians which corre-
spond to crystalline and amorphous distributions (Figure 2.8). We apply the 
Herman’s orientation function 2/)1cos3( 2  f , where θ is the angle between 
the c axis of -crystallites and the fiber axis.  The orientation function f of -
crystallites along the fibrous axis describes the ordering of the -crystallites. Once 
f = 1, -crystallites are oriented completely parallel along the fiber’s axis. On the 
other hand, if f = 0, -crystallites are oriented randomly. The ordering of the -
crystallites plays a key role in the mechanical performance of silk fibers.[4, 95] 
For two reflections, (200) and (120), which are not orthogonal but have a known 
geometry in the equatorial plane, the expression of 2cos  reads:
 
2 2 2
200 120cos 1 0.8 cos 1.2 cos     .The FWHM of (200) and (120) peaks 
were measured perpendicular to the fiber axis, 
thus  
22





Figure 2. 8 Intensity as a function of azimuth angle at the radial position of the equatorial 
(200) and (120) peak of (a,b) spider silk reeled at 10mms
-1
 and (c,d) silkworm silk reeled at 
13mms
-1
. The peaks were ﬁtted as sums of two Gaussians, corresponding to crystalline (black, 
solid line) and amorphous (black, dashed line) distributions. The orientation function f was 
calculated by FWHM of the crystalline Gaussians. The calculating procedures follow the 
methods described in published papers.[94, 119] 
  (3) Distribution of the orientation angle of crystallites along the fiber axis p(θ): 
Marie-Eve Rousseau et al. [88] showed that the distribution of the orientation 
angle θ of crystallites along the fiber axis is a Gaussian function: 
2 2
0( ) exp( / )p N    . We can calculate the distribution p(θ) from f, the 
orientation function, which can be measured from XRD results. The standard 
deviation σ can be calculated by 2cos , where 2cos is calculated from 
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2 sin( ) ( ) 1d p

     .  
2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 
  Infrared spectroscopy (IR) detects the vibration characteristics of chemical 
functional groups in a sample. When an infrared light interacts with the matter, 
chemical bonds will stretch, contract and bend. As a result, a chemical functional 
group tends to absorb infrared radiation in a specific wavenumber range regard-
less of the structure of the rest of the molecules. Hence, the correlation of the band 
wavenumber position with chemical structure is used to identify a functional 
group in a sample. The wavenumber positions where functional groups adsorb are 
consistent, despite the effect of temperature, pressure, sampling, or change in the 
molecule structure in other parts of the molecules. Thus the presence of specific 
functional groups can be monitored by these types of infrared bands, which are 
called group wavenumbers. 
  Fourier Transform -Infrared Spectroscopy (FT-IR) is a preferred method of 
infrared spectroscopy. As shown in Figure 2.9, the beam from the source enters 
the interferometer which produces a unique type of signal which has all of the 
infrared frequencies “encoded” into it, called interferogram signal. Then the 
outcome interferogram signal is transmitted through or reﬂected off the surface of 
the sample. Speciﬁc frequencies of energy, which are uniquely characteristic of 
the sample, are absorbed. The interferogram signal are then recorded by detector, 
digitized and sent to the computer for decoding through Fourier transformation, 




Figure 2. 9 Schematic illustration of FTIR system.  
  In our study, FTIR was utilized to characterize the total content of β-
conformation (including intra β-sheets and β-crystallites). FTIR spectra were 
obtained with a Thermo Nicolet 380 FTIR spectrometer, equipped with an Atten-
uated Total Reflectance (ATR) attachment (Diamond crystal tip), as shown in 
Figure 2.10. For each measurement, 128 scans were carried out with a resolution 
of 4 cm
-1
, and the wavenumber ranged from 650 to 4000 cm
-1
. [5, 120] As shown 
in Figure 2.11, the FTIR spectra were fitted into peaks for various secondary 
structures including side chains (represented by S), β-sheets (B), random coils (R), 
helical conformation (H), and β-turns (T).[5, 120] The total content of β-
conformation is determined by the ratio of the under area of β-sheets peaks to that 




Figure 2. 10 Thermo Nicolet 380 FTIR spectrometer, equipped with an Attenuated Total 
Reflectance (ATR) attachment (Diamond crystal tip). 
 
Figure 2. 11 The FTIR spectra of (a) spider N. pilipes draglines forced reeled at 10mms
-1
, and 
(b) silkworm B. mori silk forced reeled at 13mms
-1
.  
2.3.3 Scanning Electron Microscope (SEM)  
Scanning electron microscope (SEM) imaging on the surface morphology of the 
crack plane of silkworm fibers after breaking was carried out on a JEOL JSM-





Figure 2. 12 Scanning electron microscope (SEM) JEOL JSM-6700F. 
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CHAPTER 3                                       
Structure-Mechanical Property Relation 
 
3.1 Introduction 
  Spider silk fibers possess unique mechanical properties with a combination of 
superior strength and extensibility. Nephila dragline silk typically features an 
ultimate strength of 1.3 GPa, and an extensibility of 40%, giving rise to a tough-
ness of 160 kJ kg
-1
, 3 times tougher than the synthetic fiber Kevlar.[21, 112] The 
unique mechanical properties of the spider silk threads and an inability to domes-
ticate spiders have induced numerous attempts to artificially manufacture spider 
dragline silks from recombinant or reconstituted silk protein[28-38] for industrial 
and medical applications.[39] However, the mechanical properties of the native 
spider silks have not been reproduced with either reconstituted or recombinant 
spider silk proteins.[33, 56] On the other hand, Bombyx mori silkworm silk fibers, 
which are easily acquired due to sericulture, are of inferior mechanical properties 
although the two types of silks share the similar nano and micro structures.[16] 
Addressing the reason behind it remains to be very challenging. Furthermore, 
much effort has also been devoted to the enhancement of the mechanical proper-
ties of both spider and silkworm silks. Tuning reeling speed or temperature was 
one of the measures adopted to enhance the mechanical strength and toughness of 
silks.[4, 16, 95, 112] In addition, infiltrating metallic atoms into the silk fibers was 
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considered as another effective approach in the enhancement of the strength and 
toughness of spider silk dragline fibers.[116] Nevertheless, the topic concerning 
why and how the mechanical performance of silk fibers can be enhanced remains 
under debate. A deeper insight into the underlying structure-mechanical property 
correlation of the silk proteins is fundamentally important for the potential bio-
mimetic production of spider silk from recombinant and reconstituted silk protein 
with controlled mechanical properties. Such knowledge also benefits to novel 
synthetic polymer-based materials, as spider silk organization can serve as a bio-
inspired model for designing sophisticated composite materials. 
3.1.1 Structural Parameters Influencing the Mechanical Properties  
  The latest experiments indicate that both spider and silkworm silk fiber have 
hierarchical structure, consisting of a bundle of nano-fibrils, where β-crystallites 
are embedded in amorphous protein matrices.[4, 7, 75, 78, 97, 121-123] It follows 
that the β-crystallites act as the interlocks of the amorphous peptide chains in the 
nano-fibrils, [124, 125] forming the β-crystallites–molecular networks.  
  Du et al. found that the exceptional extensibility of N. pilipes spider dragline silk 
is subject to the occurrence of the intra-molecular β-sheets in spider silk mole-
cules.[5] Some ascribe the extensibility of the silk thread to the ability of the 
amorphous regions to stretch and move from their random coil/other conformation 
into a more extended helix or β-strand configuration.[7] Another model proposes 
the nanofibrillar morphology of the thread (i.e. in a helical or a zigzag manner) as 
a major feature contributing to extensibility of silkworm silk.[126]  
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  Strength has normally been attributed to the presence of β-sheet packed into 
crystalline regions and hydrophobic interactions herein those crystalline regions, 
which bind molecules together in the silk fiber.[127, 128] The alignment of the β-
crystallites in the silk fibers was found to play a key role in the breaking stress of 
silk fibers.[4, 95] Recent simulation studies indicate that in combination with 
highly extensible semi-amorphous domains, the transverse geometric confinement 
of the width of β-crystallites to less than 3nm will induce a higher strength, 
stiffness and toughness of silk-like fibrils.[124, 125] Porter et al. [58, 79, 129] 
analyzed the breaking mechanism by considering the energy dissipation and 
predicted the stress-strain curve as a function of the ratio of the ordered region in 
natural silks. However, the model is insufficient to handle silks of various types, 
i.e. regenerated silks, which share almost the same molecular composition with 
the natural silks, but have a lower strength.[58, 130] It is suggested that some key 
structures in the native silks such as nanoﬁbrillar structure and the fine structure 
inside the nano-fibrils are also critical. These structures may be undermined by the 
harsh conditions during the process of fabricating the reconstituted silks.[58] 
Furthermore, the geometric confinement of silk nano-fibrils to a diameter of 
50±30 nm [131] and the strong interfibrillar interaction[21, 126, 132] may be 
critical to resist deformation and failure.   
  It appears that the overall toughness of a silk thread is connected to its structure 
at all hierarchical levels including secondary structure of polypeptide chain 
folding as well as higher order structure of the protein constituents. For instance, 
recent studies have proposed that spider silk filament can possess complex “coat-
skin-core” organization[133, 134] that are likely to impart energy-dispersive 
properties.[135] This structural complexity with micro-fibrils[136-138] enclosing 
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fine channels[133] is likely to contribute significantly to the toughness of spider 
silk. Du et al. illustrates how the intra-molecular β-sheets induced strain-
hardening contributes to the breaking energy.[5] 
3.2 Results and Discussion 
  The mechanical performance and structure of spider draglines and silkworm silk 
fibers reeled at various speeds were experimentally characterized. The difference 
in the mechanical performance of spider draglines and silkworm silk fibers is due 
to their structural difference. Our purpose is to acquire a general understanding on 
the key structural factors controlling the mechanical properties of silk fibers.  
 
3.2.1 Mechanical Properties of N. pilipes Draglines and B. mori Silks under 
different reeling speeds 
 
  To examine the mechanical properties of silk N.pilipes dragline and B. mori 
silkworm silk, Instron Micro Tester (Model 5848) was used to measure their 
stress-strain profiles. The details of the measurements are given in Chapter 2. 
Figure 3.1 shows the stress-strain curves of the B. mori silkworm silks and N. 
pilipes spider dragline silks collected at the indicated various reeling speeds. 
Young’s modulus, breaking stress, breaking strain and breaking energy of the 
spider dragline silk and silkworm silk can be measured from the stress-strain 
profiles. The rigidity (or the Young’s modulus) of the silk material is the slope of 
the linear region in the stress-strain curves. The strength and the extensibility (or 
the breaking stress and the breaking strain) of the silk materials can be read from 
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the stress and strain at the breaking points. Toughness (or the breaking energy) of 
the silk material is the area under the stress-strain curves. The effect of reeling 
speed on the Young’s modulus, breaking stress, breaking strain and breaking 
energy of the spider dragline silk and silkworm silk are shown in Figure 3.2. As 
demonstrated in the results, both silkworm and spider produce more rigid, strong-
er but less extensible fibers at faster reeling speeds. And spider generally produces 
less rigid and stronger silk fibers than silkworms. The silkworm and spider 




Figure 3. 1 Stress-strain curves of the B. mori silkworm silks and N. pilipes spider dragline 






Figure 3. 2 Effect of the reeling speed on the Young’s modulus, breaking stress of (a) 
silkworm silks and (b) spider dragline silks as well as on the breaking strain, breaking 
energy of (c) silkworm silks and (d) spider dragline silks. 
  The mechanical properties of the silk fibers are determined by their structure. In 
the next section, the structure of the spider and silkworm fibers reeled at the 
corresponding speeds are examined and discussed. 
 
3.2.2 Crystalline Structure of N. pilipes Draglines and B. mori Silks under 
different reeling speeds  
 
  X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) 
were applied to determine the secondary structures of spider N. pilipes draglines 
and B. mori silkworm silks collected at various reeling speeds. The details of the 
measurements and the calculations are given in Chapter 2. Figure 3.3 and Figure 
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3.4 show the WAXS patterns of silkworm silks and spider draglines reeled at the 















Figure 3. 4 WAXS patterns of spider dragline silks reeled at the indicated reeling speeds. 
 
  Figure 3.5 shows the effect of reeling speed on the FWHM of (200) and (120) 
Gaussian distribution and the orientation function f for silkworm silk and spider 
dragline silk. The results show that the FWHM of (200) and (120) Gaussian 
distribution becomes smaller thus the orientation function f becomes larger with 
increase of the reeling speed for both silkworm silk and spider dragline silk in the 
speed range of these experiments. It demonstrates that at faster reeling manner, 
both spiders and silkworms produce silks with more aligned nano β-crystallites 
along the fiber axis. In comparison, the FWHM of (200) (120) Gaussian distribu-
tion is generally larger for silkworm silk than for spider dragline silk. The 
orientation function f is mainly smaller for silkworm silk than for spider dragline 
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silk. It demonstrates that silkworms produce silks with less aligned nano β-





 Figure 3. 5 FWHM of (200) (120) Gaussian distribution and the orientation function f for (a, 
c) silkworm silk and (b, d) spider dragline silk reeled at the indicated reeling speeds. 
 
  Figure 3.6 shows the effect of reeling speeds on the β-crystallite size along a, b, c 
direction (La, Lb, Lc) for both silkworm and spider dragline silks. The results are 
quite reproducible with the error bar too small to see in Figure 3.6. From the 
results, La, Lb of the silkworm silk and spider dragline silks don’t show much 
difference with different reeling speed. Lc of the silkworm silk and spider dragline 
silks shows slight decrease with the increasing of reeling speed. In comparison 
between spider dragline silk and silkworm silk, they have similar size of β-
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crystallite along a, b direction (La, Lb). Lc for silkworm silk is about 11.5nm while 
spider silk is around 6.2nm. 
  
La (nm) Lb (nm) Lc (nm)





Figure 3. 6 The size of β-crystallites in a, b, c directions La, Lb, Lc of (a~c) silkworm silks and 
(d~f) spider dragline silks at the indicated reeling speeds. 
Figure 3.7 shows the effect of reeling speeds on the crystallinity c% for both 
silkworm and spider dragline silks. The crystallinity of spider dragline silk is 
averaged in 0.25, while shows a slight decrease with reeling speed. We know from 
literature that the crystallinity of spider silk can be greatly reduced with increase 
of reeling speeds to higher reeling speed. [5] According to literature, the crystal-
linity can be tuned to 0.12 with an increased reeling speed of 100mms
-1
. [5] The 
crystallinity does not change with the reeling speed in silkworm silks. The crystal-







Figure 3. 7 The crystallinity (c%) of (a) silkworm silks and (b) spider dragline silks at the 
indicated reeling speeds. 
  The total silk molecules in the β-conformations, including both non-crystalline -
sheets (also known as intra-molecular-sheets) and -crystallites can be measured 
and calculated using FTIR, the detailed method is discussed in Chapter 2. It is 
measured from our experiments that the total -sheets contents remain to be 0.46 
for spider dragline silks and 0.48 for silkworm silks, even at different reeling 
speeds. Due to the difference in -crystallinity, one can expect more intra-
molecular β-sheets in spider dragline silks (generally around 0.21) than in silk-
worm silks (around 0.07).  
  In addition, the inter-crystalline distance perpendicular to fiber axis ( l ) and 
inter-crystalline distance along fiber axis ( / /l ) can be calculated from the crystal-
lite size along a, b, c directions (La, Lb, Lc) and crystallinity (c%) using the formula 
of 1/3= ( %)a bl L L c and 
1/3
/ / = ( %)cl L c . Figure 3.8 shows the schematic illustra-
tion of l , / /l . Figure 3.9 shows the effect of reeling speed on inter-crystalline 
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Figure 3. 8 Schematic illustration of inter-crystalline distance perpendicular to fiber axis ( l ) 













Figure 3. 9 The inter-crystalline distance perpendicular to fiber axis l of (a) silkworm silks 
and (b) spider dragline silks and the inter-crystalline distance along fiber axis / /l  of (c) 
silkworm silks and (d) spider dragline silks at the indicated reeling speeds. 
 
  From Figure 3.9, we can see that the inter-crystalline distance perpendicular to 
fiber axis l doesn’t change much as the increase of reeling speed for both silk-
worm silk and spider dragline silk. The inter-crystalline distance along fiber axis 
/ /l show slight decrease as the increase of reeling speed for both silkworm silk and 
spider dragline silk. In addition,  l  of silkworm silk is similar with that of spider 
dragline while / /l  of silkworm silk is generally larger than that of spider dragline 
(~15nm of silkworm silk compared with ~10nm of spider dragline silk). For 
silkworm silk reeled at the abovementioned speeds, La× Lb× Lc is 2.6×3.2×11.7nm 
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~ 2.5×3.2×11.5nm and l × / /l is 3.8×15.4nm ~ 3.9×15.6nm. For spider dragline 
silk reeled at the indicated speeds, La× Lb× Lc is 2.5×2.7×6.5nm ~ 2.5×2.6×6.1nm 
and l × / /l is 4.0×10.1nm ~ 4.1×9.7nm. With the information on the dimensional 
size, we can see how close the β-crystallites are to each other in the crystallite-
amorphous network shown in Figure 3.8 for both silkworm silk and spider drag-
line silk. 
 
3.2.3 Correlation between Mechanical Properties and Crystalline Structure 
of Spider Dragline and Silkworm Silks 
 
  Based on the experimental results of the mechanical properties and crystalline 
structure of silkworm silk and spider silk reeled at different speeds, we can build a 
general relation between the mechanical properties and the crystalline structure of  
silkworm silks and spider dragline silks. 
  Figure 3.10 shows that the enhanced strength of silk fibers may be due to the 
increase of orientation function f for silkworm silk (Figure 3.10a) and spider 
dragline (Figure 3.10b). In addition, by comparison between Figure 3.10a and 
Figure 3.10b, why spider dragline silk is stronger than silkworm silk may also be 
due to the larger orientation function f of spider dragline. 
  Figure 3.11 shows that the enhanced strength of silk fibers may also be due to the 
decrease of crystallinity for spider dragline (Figure 3.11a). In addition, by compar-
ison between Figure 3.11a and Figure 3.11b, why spider dragline silk is stronger 
than silkworm silk may be due to the smaller crystallinity of spider dragline. 
  Figure 3.12 shows that the strength of silk fibers increase with the reeling speed, 
the inter-crystalline distance along fiber axis / /l also decreases for both spider 
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dragline (Figure 3.12a) and for silkworm silk (Figure 3.12b). In addition, by 
comparison between Figure 3.12a and Figure 3.12b, the reason that spider drag-





Figure 3. 10 The relation between the breaking stress and orientation function f of (a) 
silkworm silk and (b) spider dragline silk. The scale of x, y axis of (a)(b) were set as the same 





Figure 3. 11 The relation between the breaking stress and crystallinity of (a) spider dragline 
silk and (b) silkworm silk. The scale of x, y axis of (a)(b) were set as the same for better 









Figure 3. 12 The relation between the breaking stress and the inter-crystalline distance along 
fiber axis / /l of (a) spider dragline silk and (b) silkworm silk. The scale of x, y axis of (a)(b) 
were set as the same for better comparison between silkworm silk and spider dragline silk. 
3.3 Summary 
  The mechanical performance and structure of spider and silkworm silk fiber 
reeled at various speeds were experimentally characterized. Both silkworm and 
spider produce more rigid, stronger but less extensible fibers at faster reeling 
speeds.  
  On the other hand, at faster reeling manner, both spider and silkworm produce 
silk fiber with more aligned β-crystallites along the fiber axis, with slightly 
decreased Lc and inter-crystalline distance along fiber axis / /l , in addition to 
similar La, Lb and inter-crystalline distance perpendicular to fiber axis l . It also 
shows slightly decreased crystallinity for spider dragline silk and same crystallini-
ty for silkworm silks. 
  Spider generally produces less rigid and stronger silk fibers than silkworms. The 
silkworm and spider dragline silk has similar extensibility and toughness. Silk-
worms produce silks with less aligned nano β-crystallites along the fiber axis than 
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spiders. They have similar size of β-crystallite along a, b direction (La, Lb) and 
inter-crystalline distance perpendicular to fiber axis l . In addition, silkworm silk 
has a larger Lc, larger crystallinity and larger inter-crystalline distance along fiber 
axis / /l  than those of spider dragline silk.  
  Based on the above experimental results on the mechanical properties and 
crystalline structure of both silkworm silks and spider draglines reeled in different 
speeds, we build a general relation between the mechanical properties and the 
crystalline structure of silkworm silks and spider dragline silks. The enhanced 
strength of silk fiber may be due to the larger orientation function f (i.e better 
alignment of β-crystallite), smaller crystallinity and smaller inter-crystalline 
distance along fiber axis / /l . The knowledge acquired not only explains why 
spider silk is stronger than silkworm silk, but also sheds light on identifying 
innovative and robust techniques in fabricating ultra-strong silk and silk-like 
fibers.  
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CHAPTER 4                                       




4.1.1 Fracture Mechanism of Materials 
  When deformed, many materials such as metals, ceramics, polymers, and biolog-
ical tissue, undergo elastic regime, plastic regime and finally fracture. In elastic 
regime, deformation is reversible. [139] In plastic regime, the deformation be-
comes irreversible and remains even after the removal of load. [3, 8, 80] After 
plastic deformation, the materials typically fracture, i.e. break.  
  Generations of material scientists have great interests in understanding the origin 
of deformation and fracture of materials. The response to mechanical load de-
pends on the structure of the material, from nano- to macro-scales. [140-143] It is 
crucial to elucidate deformation and fracture mechanisms at each scale.  
  Three representative classes of materials: ductile materials, brittle materials and 
hierarchical biological protein materials (BPMs) are exemplified to illustrate the 
deformation and fracture mechanism from nano- to macro-scales. Firstly, in 
ductile materials such as Cu or Ni, deformation is intermediated by the creation of 
the networks of dislocation, with each dislocation representing the localized shear 
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of the atomic lattice.[144] Secondly, in brittle materials such as glass or Si, 
fracture occurs by the catastrophic growth of cracks, which is intermediated by 
continuous breaking of atomic bonds.[3] Finally, in biological protein materials 
(BPMs) such as the cell's cytoskeleton collagen networks in tendon or bone, 
different deformation mechanisms may occur at each scale of these materials 
because of their multi-scale hierarchical structure, while inter- and intra- hierar-
chal interactions compete or reinforce. The most fundamental deformation 
mechanism is the unfolding of individual protein molecules by the rupture of 
hydrogen bonds. The permanent plastic deformation is mediated by intermolecular 
slip, the breaking of intermolecular cross-links,[145, 146] the unfolding of pro-
teins,[147, 148] or the stretching of convoluted protein chains.[140, 141, 146, 149, 
150] The materials can dynamically adapt to load application by self-organization 
and self-arrangement, utilizing material more efficiently and robustly against 
failure overall.[140-143] 
  Different computational tools have been coupled to provide a fundamental 
understanding about the deformation and fracture mechanism across multi length 
scales. Cooperation between different methods enables us to transport information 
from one scale to another. Eventually, results of atomistic, molecular, or meso-
scale simulation may feed into constitutive equations or continuum models. While 
continuum mechanical theories have been very successful for crystalline materials. 
Modeling the behavior of BPMs requires statistical theories, such as the extended 
Bell theory. Experimental techniques such as atomic force microscopy (AFM), 
molecular force spectroscopy (MFS), nanoindentation, or optical tweezers now 
overlap into atomistic and molecular approaches, enabling direct comparison 
between experiment and simulation. These techniques help to analyze the molecu-
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lar mechanisms in various materials, such as metals, ceramics, and proteins.[148, 
151-153] After the comparison between the simulation and experiments, atomistic 
and multi-scale modeling is predictive,[154] which can play an important role in 
science, engineering, and materials design. 
4.1.2 Models that Correlate Mechanical Properties to Structure of silk 
fibers 
  Up to now, many models have been proposed to describe the structure of spider 
draglines and silkworm silks. In Termonia’s model, the dragline silk is described 
as many small stiff crystallites embedded in amorphous regions, which are made 
of rubber-like chains (Figure 4.1a). And the crystallites serve as multi-functional 
interlock sites and create a thin layer of high modulus in the amorphous region.[75] 
Kaplan et al. proposed that silk protein micelles and globules are the fundamental 
building blocks of the silk fibers (Figure 4.1b).[155] While NMR analysis sug-
gested a hairpin folded structure, similarly to a string of beads inside the silk 
fibers (Figure 4.1c).[156] Whereas a bundle of submicron fibrils consisting of β-
crystallite-amorphous chain network with a diameter around 90~200nm were 






Figure 4. 1 Schematic illustration of (a) the β-crystallites-molecular network model, (b) the 
micelle and globule model, (c) the string of beads model, and (d) the fibril bundle model. 
  Many models have been proposed to interpret the mechanical properties of the 
natural silks from the perspective of structure.  
  In Termonia’s model, the dragline silk is described as many small stiff crystal-
lites embedded in amorphous regions, which are made of rubber-like chains.[75] 
The simulated properties of dragline silk are in accord with experimental results, 
while assuming the modulus of β-sheet crystals as for fully extended crystals, i.e. 
160 GPa. 
  In Hayashi’s model, β-spiral secondary structures formed by the motif GPGXX, 
in major ampullate (MA) silk and flagelliform silk from spider, are suggested to 
act as springs, being responsible for the extensibility of the silk.[127] The proline 
residue would be the focal point for the retraction energy after stretching. By 
forcing the proline bonds to torque in response to extension, a large force can be 
generated for retraction. It is proved by the evidence that the GPGXX motif only 
exists in MA and flagelliform silks, which are also the stretchiest of spider silks. A 
further support of the GPGXX motif providing the elasticity module is the corre-
spondence between the number of tandemly arrayed GPGXX repeats and the 
different extensibilities of the two silks. MA silk, with up to 35% extension[77] 
has at most 9 β-turns in a row before interruption by another motif.[161] While 
Flagelliform silk with 200% extensibility[77] has at least 43 contiguously linked 
β-turns in its spring-like spirals.[162] 
  In Porter’s study, the full range of mechanical properties of silk ﬁbres was 
predicted from mean ﬁeld theory in terms of chemical composition and the degree 
of order in the structure.[58, 79] These order fractions are loosely recognized as 
 60 
 
crystalline region and amorphous conformations of the alanine-rich and/or gly-
cine-rich motives in the silk. This model predicts the tensile properties of silk in 
quantitative agreement with experimental results. 
  A nanoscale bead model is based on the NMR analysis,[156] which suggests a 
hairpin folded structure for fibroin,[129] resembling a string of beads. Such a 
structure is consistent with the fractions of order and disorder in spider dragline 
silks.[163] Moreover, the dimensions of the beads are consistent with the strength 
of silk material according to fracture mechanics by comparing the beads with the 
grains in a nano-crystalline metal or ceramic.[164] In this model, a dragline silk 
with the domain size of 4 nm would be expected to exhibit a strength of about 2 
GPa, which is a good estimate of the upper limit of silks’ strength. 
  Zhou et al. has proposed a hierarchical chain model to explain the nonlinear 
force-extension response of spider silks and the prediction well agrees with the 
experimental observations.[165, 166] In this model, a polymer consists of many 
structural motifs, organized into structural modules and supra-modules in a 
hierarchical manner, with their own characteristic force for each module. The 
repetitive patterns in the amino-acid sequence of the flagelliform protein of spider 
capture silk give support to this model.  
  However, a multi-scale model to predict the fracture mechanism with considera-
tion of both fibril structure and β-crystallite network has not been achieved yet. 
4.2 Results and Discussions  
  In this chapter, we will acquire the understanding on how the silk fibers break 
under stretching across the nano-micro scales. A multi-scale model called Net-
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work – Non-slipping Fibril Bundle (N–NFB) model was established to tackle the 
breakage of a silk fiber at the molecular-nano scale of nano-fibrils and at the nano-
micro scales of a silk fiber. The model can calculate the strength of silk fiber if all 
the parameters are known. A part of the parameters of the model were estimated 
from the measurement of crystalline structure, which can be examined using wide 
Angle X-ray Scattering. Another part of the parameters of the model were esti-
mated from reference. The only unknown parameter is the relation between the 
force to pull a chain out of a β-crystallite and its orientation angle along fiber axis 
Fβ (θ). However, Fβ (θ) is difficult to be directly measured or to simulate the 
situation in full molecule using the Molecular Dynamic simulation. As a result, Fβ 
(θ) was then fitted from the experimental results concerning the strength and the 
structure of silkworm silk reeled at different speeds. In addition, as we can assume 
that Fβ (θ) is the same for both silkworm silk and spider dragline silk. The strength 
of spider silks can be predicted by model using the parameters concerning the 
structure and the same Fβ (θ) simulated from previous process. The predicted 
strength by model was compared with the experimentally measured strength for 
spider silks. The comparison between predicted and measured strength will 
demonstrate the credibility of the model that illustrating the breaking mechanism 
of silk fiber. Moreover, two other models called Bulk Network (BN) model and 
Network–Slippery Fibril Bundle (N–SFB) model were also built to predict the 
strength of silk fiber. The parameters of these two models were also from the 
measurement and the simulated Fβ (θ). The strength predicted by BN, N–SFB 
model were compared with the one by N–NFB model and the experimental value. 
The comparison between predicted strength by the three models and measured one 
will show the believability of the breaking mechanism described by N–NFB 
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model. In this Chapter, the modeling was cooperated with Gong Li. The simula-
tion concerning the fitting of Fβ (θ) and prediction of the strength of spider 
dragline silk reeled at different speeds using N–NFB model  and prediction of the 
strength of silkworm silk reeled at 27mms
-1
 using BN, N–SFB model were done 
by Gong Li. The measurement and analysis concerning the strength and crystal-
line structure providing the parameters of the model were carried out by the author 
of this thesis. 
4.2.1 Network – Non-slipping Fibril Bundle (N–NFB) model 
  Researchers propose that silk fiber is composed of numerous fibrils according to 
the AFM observations of the morphology of silk fiber. [83, 126, 131, 132, 157-
160]  The diameter of the fibrils was estimated from the latest AFM results [140] 
of around 30nm for Bombyx mori silkworm silks and around 35nm for Nephila 
pilipes spider dragline silks. Some simulations [132] indicate that the rough 
submicro fibrils in silk fibers may significantly enhance the breaking stress of 
fiber due to the interaction between fibrils which can efficiently dissipate energy 
and prevent crack propagation. We assume that there are inter-fibrillar interactions 
that prevent the slipping of fibrils from each other. 
  At the molecular-nano scale of the nano-fibrils, nano β-crystallites are formed 
jointly by some adjacent silk protein molecules. They serve as the linkages 
connecting different silk protein molecular chains to form crystallite-amorphous 




Figure 4. 2 The hierarchical structure of Bombyx mori silkworm and Nephila pillips spider 
dragline silk fibers. Both the silkworm silk and spider dragline fibers are composed of 
numerous interlocking nano-fibrils. Inside the nano-fibrils, crystalline regions are connected 
by the amorphous regions to form a network. The β-crystallite is composed of stacked β-
sheets with the peptide chains connected by the hydrogen bonds in each sheet. The yellow 
box indicates the unit cell of the β-crystallites and the coordinate indicates a (inter-sheet), b 
(inter-chain) and c (chain axis) directions. 
 
  In the nonlinear region after the yield point (for silkworm silk) or strain-
hardening point (for spider dragline silk), the breakage of the fibers is initiated by 
the rupture of the β-crystallites.[5] However, how it leads to the eventual breakage 
of the fibers is still unclear. In the following section, we will establish a Network 
– Non-slipping Fibril Bundle (N–NFB) model based on the hierarchical structure 
shown in Figure 4.3, to describe the multi-scale breaking mechanism across from 
molecular-nano scale to nano-micro scale for both spider and silkworm silks. In 
this N–NFB model, the nano-fibrils are considered to be molecular networks with 
β-crystallites as the nodes and the silk fiber as a bundle of interlocking nano-
fibrils which cannot slip freely.  
  The splitting of β-crystallites at the molecular scale initiates the fracture of the 
whole network. In this sense, the strength of the networks is directly related to the 
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splitting force of the β-crystallites Fβ, which is defined as the force to pull one 
molecular chain out of a β-crystallite. From the theoretical point of view, the 
splitting force of a β-crystallite (i.e. the force to pull one molecular chain out of a 
β-crystallite), Fβ, is mainly determined by its size along a, b, c directions (La, Lb, 
Lc), and its orientation angle θ with respect to the fiber’s axis. Recent studies have 
indicated that if the crystallite size along the b direction Lb is less than around 3nm, 
Fβ approaches the constant.[124, 125] (Figure 4.3 a) The atomistic structure of the 
β-crystallite is obtained from the Protein Data Bank (identification code 2slk) and 
replicated to build β-crystallites of different size. In our experiments (cf. Chapter 
3), the measured Lb for spider and silkworm silks is around 2.7nm and 3.2nm, 
respectively. So Lb was not considered to affect Fβ in this thesis. Apart from this, 
the Molecular Dynamics (MD) simulations were carried out by Luo et al. [141] to 
analyze the splitting of β-crystallites Fβ (Figure 4.3b). These results were obtained 
by steered molecular dynamics simulation by software NAMD using CHARMM 
topology and force-field.[167] The coordinates for the molecular model of β-
crystallite in silk are also obtained from the Protein Data Bank with identification 
code 2slk,[168] where different sized nano-crystallites used here are built by 
replicating the system via shifting the molecules at a proper distance and patching 
the strands at c axis together. It follows that if the crystallite size along the c 
direction Lc is larger than 6nm, the influence of Lc on the splitting force Fβ be-
comes ignorable (Figure 4.3b). In our experiments (cf. Chapter 3), the measured 
Lc is about 11~12nm for silkworm silks and 6~7nm for spider silks, both are 
beyond 6nm. Hence the effect of Lc on Fβ wasn’t considered in this thesis. Since 
the Van der Waals interactions between amino-acid residues along the a direction 
are much weaker than the hydrogen bonds in the b direction and the covalent 
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bonds in the c direction, the influence of La on Fβ is negligible. In this regard, for a 
single β-crystallite, the splitting force Fβ was considered to be influenced by the 
orientation angle θ only. The relation between the force to pull a chain out of a β-
crystallite and its orientation angle Fβ (θ) is difficult to be directly measured 
because we can hardly pull a molecular chain in a real β-crystallite and observe 
the orientation angle θ and the pulling force. It is also hard to simulate the situa-
tion in full molecule using the Molecular Dynamic simulation due to the limitation 
of time and capacity of the computer. Fβ (θ) is thus fitted from the experimental 
results concerning the strength and structure in this thesis, which will be illustrat-





















Figure 4. 3  (a) Variation of pull-out strength as a function of β-sheet nanocrystal size L 
(Reproduced from [124]);  (b) splitting force of a β-crystallite Fβ as a function of both the size 
of β-crystallite along c direction Lc and its orientation angle θ. (reproduced from [141]) Both 
the atomistic structure of the β-crystallite is obtained from the Protein Data Bank (identifica-
tion code 2slk) and replicated to build β-crystallites of different size.  
  As we known, the splitting of β-crystallites at the molecular scale initiates the 
fracture of the whole network (Figure 4.4a). Figure 4.4b shows the scenario of the 
network breakage in one periodic segment of the network in the nano-fibrils upon 
stretching. The box with black dashed line indicates the periodic segment. The 
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breaking force Fs of the network in one periodic segment was simulated. In the 
simulations, a 2D network with nβ columns and 3 rows of nodes (2nβ links be-
tween two rows) was adopted to represent the 3D network in a segment. The 
choice of 3 rows is due to the fact that there are approximately 3 rows of nodes in 
a segment in the natural state based on our estimation from the measured thick-
ness of the segments. Here nβ is the number of the β-crystallites within a cross 
section of the nano-fibril, which can be estimated as 2 2= 3 3fibriln d l   . dfibril is 
the diameter of the nano-fibrils, which can be measured by AFM. 
1/3= ( %)a bl L L c is the inter-crystallite distance in transverse direction. c% is the 
crystallinity and La, Lb are the crystallite size in a, b direction, which can be 
measured from XRD results. Hence, nβ is expressed by 
2 2/3= ( %) 3 3fibril a bn d c L L  . In addition, the splitting forces of the β-crystallites 
Fβ as a function of θ is the unknown parameter and will be fitted. θ of each β-
crystallite was generated by its probability distribution p(θ), which can be derived 
from the orientation function f measured in the XRD measurements. Refer to 
Chapter 2 for detailed methods.  
  Then the breaking stress (strength) of the segment of the nano-fibril σs is: 







Here nβ refers to the number of the β-crystallites within a cross section of the 
nano-fibril. A denotes the effective loading area of one link, i.e. a peptide chain. 
Each peptide chain actually occupies an area of ˆˆ 4ab , where aˆ , bˆ  are the lattice 
constants of the unit cell of β-crystallites. The β-crystallites/amorphous ratio must 
be considered when we discuss the effective loading area of the peptide chain, 
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because crystallites take the most applied stress.[169] It follows that A is defined 
as 
2/3ˆˆ [4( %) ]A ab c . 
  By reiterating the above steps, we can obtain the breaking stress of many period-
ic segments σs in nano-fibrils. Consequently, the distribution of the breaking stress 
of segments p(σs) is obtained from the simulations. p(σs) will be used to determine 
the final breaking stress of the silk fiber. 
  Due to the fact that a silk fiber can be regarded as a bundle of silk nano-fibrils, 
the breakage of a silk fiber results from the complete fracture of all nano-fibrils 
within the fiber. In the N–NFB model, due to the non-slipping feature between 
nano-fibrils, the breakage of a segment of nano-fibrils will only form a nano crack 
in a silk fiber. However, these dispersive cracks at different cross sections of the 
fiber cannot induce the catastrophic fracture of the bundle of nano-fibrils (Figure 
4.4c). The critical point of the fiber breakage occurs only if enough cracks accu-
mulate at a cross section of the fiber.[170] As verification, we notice that the 
surface morphology of the crack plane of a silkworm silk fiber remarkably resem-











Figure 4. 4 Schematic illustration of  multi-scale breaking mechanism of Network – Non-
slipping Fibril Bundle (N–NFB) (a) the splitting of a β-crystallite at the molecular scale, 
which initiates the fracture of the whole network; (b) the network breakage in one periodic 
segment upon stretching. The blue nodes represent the β-crystallites inside the specific 
segment, while the green ones denote the auxiliary nodes which keep the blue nodes inside a 
network environment. Only the links between the blue nodes can break during stretching. (c) 







Figure 4. 5 SEM image of the crack plane of a B. mori silkworm silk fiber after its breakage 
upon stretching (scale bar: 2μm). 
  Theoretically, due to the friction between nano-fibrils, the stress and strain are 
distributed uniformly in the uncracked part of the fiber.[170] Raman spectroscopy 
on single Bombyx and Nephila threads during progressive stressing indicates that 
the silk microstructure experiences uniform stress during the deformation in both 
spider and silkworm silk fibers.[86, 89, 171] Hence, the equal load sharing (ELS) 
model proposed by Daniels et al. can be applied to describe the crack accumula-
tion process at a cross section of the fiber and calculate the breaking stress of silk 
fibers. Specifically, when a bundle of segments at a cross section is under stretch-
ing, the weaker segments will break first. Once the breakage of one segment, the 
extra stress will be equally shared among the unbroken segments.[172] Assuming 
that the stress applied onto each surviving segments is σsv, the segments with a 
breaking stress less than σsv are already broken. The number of unbroken seg-
ments nsv is given by: 
( )                                                                      (2)
sv





where n is the total number of segments at the cross-section. p(σs) is the possibility 
to find a segment with breaking stress between σs 
and σs+ dσs. Then the stress of 
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the whole bundle σ will be the stretching force divided by the cross sectional area 
of the whole bundle (including both survivng and broken fibrils), given by: 
( )                                              (3)
sv
sv




    

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  The maximum of σ, denoted by σmax, corresponds to the breaking stress of the 
fibril bundle. This can be calculated as follows. Firstly, find the solution of Eq 4 
as σsv= σsvmax,  












Then σmax can be obtained by substituting σsvmax into Eq 5:  
max
max max ( )                                          (5)
sv
sv s sp d




  Consequently, the probability distribution of the breaking stress of segments p(σs) 
obtained from Fβ(θ), f, nβ, A can be applied to calculate the strength of the fiber 
σmax using Eq 4~5. Figure 4.6 shows the diagrammatic illustration of the whole 
procedure of predicting the breaking stress of fiber using Network – Non-slipping 
Fibril Bundle (N–NFB) model. In this model, neither the diameter nor the length 
of the fibril bundle needs to be considered to predict the breaking stress, because 
the number of fibrils is more than 10
4
 in real silk fiber. The number is large 
enough to consider silk fiber as a bulk material. (Since the diameter of fibril is 
around 30nm for Bombyx mori silkworm silks and around 35nm for Nephila 
pilipes spider dragline silks [140], based on our measurement that a N. pilipes 
spider dragline silk fiber is round and has a diameter of 3~4μm, and a B. mori 
silkworm silk fiber is essentially of a triangle shape with an edge length of 9~10 









, respectively. Both are in the same order 
of magnitude.) 
 
Figure 4. 6 Diagram of the whole procedure of predicting breaking stress of fiber using 
Network – Non-slipping Fibril Bundle (N–NFB) model. Based on c%, La, Lb, directly measur-
able parameters from experiments, and dfibril, aˆ , bˆ  from reference, we can calculate nβ and A. 
Fβ(θ) is fitted using the breaking stress as well as the structural parameters f, nβ and A of 
silkworm silks reeled at various speeds.  
  According to the diagram, Fβ(θ) is needed for the prediction. There is some 
difficulty to obtain Fβ(θ) through both experiments and Molecular Dynamic 
simulation. Thus Fβ(θ) was fitted using the measured breaking stress as well as the 
structural parameters f, nβ and A of silkworm silks reeled at various speeds through 
the diagram in Figure 4.6. The structural parameters f was set as the average value 
of the measured one. The structural parameters nβ and A were set as the average 
value of the one calculated from measured c%, La, Lb and dfibril, aˆ , bˆ  from refer-
ence for the silkworm silks reeled at various speeds (Table 4.1). 
Table 4. 1 The the average value of structural parameters f, nβ and A calculated from c%, La, 
Lb, directly measured from experiments, and dfibril, aˆ , bˆ  from reference for the silkworm 















1 0.41 2.6 3.2 0.92 13.5 0.4
4 0.41 2.6 3.2 0.93 15.3 0.4
13 0.41 2.6 3.2 0.94 17.3 0.4
20 0.41 2.6 3.2 0.95 17.3 0.4
27 0.41 2.5 3.2 0.96 17.9 0.4
 
  Because of the cylindrical symmetry of the orientation of β-crystallites, Fβ (θ) 
should be an even function with the maximum at zero. Hence, 
exp[-( ) ]nF a b   was chosen as the form of Fβ (θ), where n was an even 
integer. This gives rise to 42.45exp[-( 0.25) ]F   (unit: nN). Figure 4.7 shows 
the relation between the splitting force of a β-crystallite (i.e. the force to pull one 
molecular chain out of a β-crystallite), Fβ, with the orientation angle θ. As shown 
from the figure, Fβ keeps constant when θ is reduced from 90° to ~22°, increases 
after θ is reduced from ~22° to ~3° ,then keeps constant again after θ is reduced 







Figure 4. 7 The splitting force of a β-crystallite (i.e. the force to pull one molecular chain out 




  Comparison between the fitted breaking stresses based on the N–NFB model 
with the experimentally measured breaking stress of silkworm silks reeled at the 
indicated speeds shows that the fitted breaking stress is in agreement with the 
experimentally measured one, correspondingly (Figure 4.8). 
 
Figure 4. 8 Comparison between the fitted breaking stress based on the N–NFB model with 
the experimentally measured breaking stress of silkworm silks reeled at the indicated speeds. 
  As the spider draglines and silkworm silks share the very similar structures of β-
crystallite consisting of anti-parallel β-sheets, excepting for the side chain of 
repeated amino acid. The difference in side chain of the repeated amino acid 
influence the van der waals interaction between amino acid in inter-sheet direc-
tion, which is weaker than the hydrogen bonds in inter-chain direction. We thus 
assume that the force to pull a protein chain out of a β-crystallite Fβ with regarded 
to the orientation angle θ is the same for spider draglines and silkworm silks.  
  As a result, the breaking stress of spider dragline silks can be predicted from the 
structural parameters f, nβ and A of spider dragline silks reeled at various speeds 
through the diagram in Figure 4.6. The structural parameters f, nβ and A were set 
as the average value measured from experiments (Table 4.2). The predicted 
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breaking stresses are in good agreement with the experimental ones of spider 
dragline silks reeled at different speeds (Figure 4.9). The agreement between 
simulation and experiments verifies the breaking mechanism described in N–NFB 
model. 
Table 4. 2 The structural parameters f was set as the average value of the measured one. The 
structural parameters nβ and A were set as the average value of the one calculated from 
measured c%, La, Lb, and dfibril, aˆ , bˆ  from reference for the silkworm silks reeled at various 











1 0.27 2.5 2.7 0.96 22.0 0.6
2.5 0.26 2.5 2.7 0.97 23.3 0.6
10 0.25 2.5 2.7 0.97 23.3 0.6







Figure 4. 9 Comparison between the predicted breaking stresses based on the N–NFB model 
with the experimentally measured breaking stresses of spider dragline silks reeled at the 
indicated speeds. 
4.2.2 Bulk Network (BN) and Network – Slippery Fibril Bundle (SFB) 
  Distinct element simulations were also carried out to stretch silk until breakage 
as described in both Bulk Network (BN) and Network–Slippery Fibril Bundle (N–
SFB) to predict the breaking stress. In Bulk Network (BN) model, a silk fiber 
consists of only 2D β-crystallite-molecular network without the fibrillar structure; 
in Network–Slippery Fibril Bundle (N–SFB) model, a silk fiber consists of a 
bundle of slippery fibrils, inside which are also β-crystallite – molecular network. 
The predicted breaking stresses were compared with the one predicted by N–NFB 
model and the experimentally measured one. Consequently, we should be able to 
identify the underlying mechanism concerning the nano-fibrillar structure and the 
friction between nano-fibrils correlated to the superior mechanical properties of 
silk fiber. 
  In the bulk network (BN) model, the β-crystallites are considered as the nodes 
and the links are as the silk molecular chains connecting adjacent β-crystallites 
(Figure 4.10a). In the simulations based on BN model, a 2D network with 33 
columns and 699 rows of nodes (representing β-crystallites) with 64 links (repre-
senting amorphous molecular chain) between two adjacent rows was built. The 
network is about 125nm wide and 12μm long. The breaking stress of the network 
shows little change when further increasing the width or length of the network. 
The links between adjacent rows of nodes act as springs with Young’s modulus 
Y=1, so that the strain in the simulated stress-strain curve is in arbitrary unit.  
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  In Network – Slippery Fibril Bundle (N–SFB) model, a bundle of 200 slippery 
nano-fibrils was built (Figure 4.11a). The nano-fibrils are also considered to be 
molecular networks with β-crystallites as the nodes. The model is also based on 
the periodic segmental structure to describe the fracture of nano-fibrils. 400 
associated segments are adopted in each nano-fibril. The number of the nano-
fibrils does not influence the average breaking stress of fibril bundle, since the 
stress is an intensive quantity, which cannot be affected by the area of the cross 
section. However, increasing the length of the nanofibrils can decrease the break-
ing stress of fibril bundle. The bundle was set to be about 7 μm wide and 12 μm 
long, with the same length as BN model. Each nanofibril has a constant Young’s 
modulus Y=1, so that the strain in the simulated stress-strain curve is also in 
arbitrary unit. In the simulations based on the N–SFB model, a bundle of nano-
fibrils was stretched by increasing the strain gradually. While stretching, each 
nano-fibril breaks at its weakest segment. 
  For comparison of breaking stress of fiber predicted by N–NFB, BN, N–SFB 
model, the corresponding structural parameters for the three models should be the 
same. In N–NFB and N–SFB model, A, nβ, f and Fβ (θ) were set to be the average 
value measured experimentally for silkworm silk reeled at 27mms
-1
. In BN model, 
the same A, f and Fβ (θ) were adopted. The simulation procedure was also the 
same as the method of stretching one segment of the fibril in N–NFB model.  
  The snapshots of the bulk network (BN) upon the stretching until breakage in the 
simulations and the corresponding mechanical behavior are displayed in Figure 
4.10b~d. In this case, the breakage of BN behaves similarly with brittle materials, 
where the fracture occurs as the catastrophic growth of cracks.[173] According to 
Griffith’s fracture theory, the extra stress caused by a crack is concentrated on the 
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transverse boundary of the crack, which can promote the growth of the cracks, 
causing the split of the materials.[174] Such fibers based on this model will obtain 
the strength of 0.56±0.04GPa (Figure 4.10e), weaker than 0.96±0.04GPa of the 
measured one.  















Figure 4. 10  (a) Schematic illustration of bulk network (BN). (b-d) Snapshots of the Bulk 
Network (BN) upon the stretching until breakage in the simulations. (e) the corresponding 
stress-strain curve of BN in simulation.  
  The snapshots of simulations upon the breakage of an N–SFB fiber under 
stretching are displayed in Figure 4.11 b~d. In this case, as each nano-fibril takes 
the load independently, the breakage of a nano-fibril will cause the accumulation 
of an extra load on the remaining unbroken nano-fibrils of a silk fiber. This will 
then accelerate the breakage of the fiber. The resulting stress-strain curve is 
plotted in Figure 4.11e. Therefore, an N–SFB like fiber will break at 
0.25±0.03GPa (Figure 4.11e), much weaker than 0.96±0.04GPa of the measured 
one. This shows that a gradual breakage occurs at the breaking point. In this sense, 
the breakage of N–SFB fibers behaves very similar to ductile materials.[144] Note 
that the deformation of ductile materials is intermediated by localized shear at the 
nano scale.[144] It follows that such an N–SFB fiber will break gradually (Figure 




Figure 4. 11 (a) Schematic illustration of Network–Slippery Fibril Bundle (N–SFB) (b-d) 
Snapshots of the N–SFB upon the stretching in the simulations (e) corresponding stress-
strain curve of N–SFB in simulation. 
  Figure 4.12 summarizes the comparison of breaking stress predicted by N–NFB, 
BN and N–SFB model with the experimentally measured one. It follows that the 
observed non-slipping fibril bundle structure described by the N–NFB model does 
have its implication in the strength enhancement of silk fibers. In the BN model, a 
crack can develop along the transverse direction easily, due to its single network 
structure. However, in both the N–NFB and the N–SFB models, the fibrils bundle 
structure can physically terminate the growth of the cracks across the fibers, and 
the surviving nano-fibrils can redistribute the extra force resulted from the broken 
fibrils uniformly among the fiber. Therefore, no extra stress will be accumulated 
around the cracks. On the other hand, in N–SFB model, the cracks can grow in the 
direction of the fiber axis easily, but are distributed a bit randomly among differ-
ent nano fibrils. Nevertheless, in the case of N–NFB, the inter-fibril friction 
arising from the adjacent nano-fibrils will prevent the crack growth of this type. In 
other words, the structural characteristics of the N–NFB type of fibers, the fibers 
with the non-slipping nano-fibrils bundle structure will certainly gain the ad-
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vantage in blocking the growth of cracks in both the transverse and the longitudi-
nal directions. 
 
Figure 4. 12 Comparison of breaking stress predicted by N–NFB, BN and N–SFB model with 
the experimentally measured one.     
4.3   Summary 
  A multi-scale model (N–NFB model) based on the nano-molecular networking 
and nano-fibril bundles of silk fibers has been put forward to describe the most 
challenging mechanical behavior, the breakage at the critical point, of spider 
dragline and silkworm silk fibers. The critical point of the fiber breakage occurs 
only at two scales: at the nano scale, a silk fibril breaks once the nano-molecular 
networks in the fibril fracture. A silk fiber will break if enough cracks (or break-





Figure 4. 13 The critical point of the fiber breakage occurs only at two scales: at the nano 
scale, a silk fibril breaks once the nano-molecular networks in the fibril fracture. A silk fiber 
will break if enough cracks (or breaking points of the nano-fibrils) accumulate in a cross 
section of the fiber. 
  The model is able to predict the breaking stress of both spider and silkworm silks 
from their structures Fβ (θ), f, nβ, A. Fβ (θ) has been successfully fitted from the 
experimental results concerning the strength and the structure of silkworm silk 
reeled at different speeds, although it is difficult to be directly measured or to 
simulate in full molecule using the Molecular Dynamic simulation. In addition, 
the strength of spider dragline silks predicted by N–NFB model using the parame-
ters concerning the structure and the same Fβ (θ) agrees well with the 
experimentally measured value. Moreover, the comparison between predicted 
strength by N–NFB, BN, N–SFB models and the measured one also verifies the 
breaking mechanism described by N–NFB model.  




CHAPTER 5                                                                                




  Apart from extensibility, or breaking strain in a tensile test, two other parameters 
can also be used to describe the elasticity of materials[175]: one is work recovery 
(WR), or resilience, which is the ratio between work input and work recovered in 
a cyclic test. The other is strain recovery (SR), or elastic recovery, which is the 
ratio between the strain recovered and the strain input in a cyclic test. Figure 5.1 
shows a typical cyclic test of silk fiber. In a typical cyclic test, each silk ﬁber was 
stretched to a certain strain (a → b) for the ﬁrst loading and then relaxed to its 
original length (b → c → a). The same procedure was employed for the second 
loading. However, because the fiber cannot be restored after the first cycle, it 
cannot follow the route a → b for the next loading in the second cycle. Instead, 
the fiber follows the route a → d → e. A2+A1 is the area under the stretching 
curve of a → b in the first loading, while A2 is the area under the re-stretching 
curve of a →d → e in the second loading. The work recovery (WR) is then 
defined as [A2/(A1+A2)]×100% (Figure 5.1). Besides, as shown in Figure 5.1, εf 
or εb is the strain input; εd is the permanent set; εb – εd is the strain recovered. The 
strain recovery (SR) can be calculated as SR = [(εb – εd)/ εb] × 100%.  
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  In our study, we characterize the “elasticity” which refers to elastic recovery or 
ability to recover in shape, i.e. strain recovery (SR). 
 
 
Figure 5. 1 Illustration of parameters involved in a cyclic test. (Reproduced from [175]) 
  Figure 5.2 shows schematic models demonstrating how the silkworm and spider 
dragline fibers respond when they are subjected to stretching. Under stretching 
after linear region, further stretching beyond the yield point will cause the break-
ing the -crystallites for silkworm silk. This breaking process of silkworm silk is 
confirmed by the X-ray Scattering measurements, indicating that once a silkworm 
silk fiber is stretched beyond yield point Y, the -crystallinity of the dragline will 
drop accordingly (Figure 5.3). For spider dragline silk, under stretching after 
linear region, the intra-molecular β-sheets within the amorphous regions will 
unfold to release the length of protein chains, while the β-crystallites remain 
unaffected. This is defined as strain-hardening region. The further stretching 
beyond the inflection point H will cause the breaking the -crystallites, demolish-
ing the crosslinks of the molecular networks in the silk filaments. This breaking 
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process of spider dragline is confirmed by the X-ray Scattering measurements, 
indicating that once a spider dragline is stretched beyond point H, the -
crystallinity of the dragline will drop accordingly (Figure 5.4).  
 
Figure 5. 2 Schematic models demonstrating how the silkworm and spider dragline fibers 
respond when they are subjected to stretching. There are two components in the Alanine-
rich regions of spider dragline silk: -crystallites and intra-molecular β-sheets (non-




Figure 5. 3 β-crystallinity, the content of intra-molecular β-sheets and content 
of Tyr side chains of silkworm B. mori cocoon fibers at different strains. 
( Reproduced from[142] ) 
 
 
Figure 5. 4 Effect of tensile deformations on the -crystallinity of spider N. pilipes dragline 
fibers. The blue curve at bottom is the 1
st
 derivative line of the stress-strain curve of spider 
draglines (black line, 12 samples averaged). (Reproduced from [5]) 
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  Since the stretching of silk materials is inevitable in application, to study how the 
materials will recover to their original shape when stretched to different extent 
becomes very important. In addition, How to enhance the strain recovery from the 
structural point of view is also of great significance for future material design and 
development. 
  In this Chapter, the strain recovery for both silkworm silks and spider dragline 
silks stretched to different extent will be examined and compared. The structure of 
silkworm silk during the stretching and relaxation is also characterized to correlate 
the strain recovery (SR) to the structure of silk fibers. The results and understand-
ing is then applied to spider dragline silk to explain the difference of strain 
recovery between the silkworm and spider dragline silks. It also explains the 
difference of strain recovery among silkworm silks reeled at different speeds. The 
understanding helps us to figure out the structure that contributes to enhancing the 
strain recovery of materials and sheds light on the development of elasticity 
recoverable materials. 
 
5.2   Results and Discussion 
 
5.2.1 Strain Recovery of Stretched Silk 
 
  Typical cyclic tests following the steps in Figure 5.1 to certain strains were 
carried out. The strain-time curves of the typical cyclic test to a strain of 10% are 
shown in Figure 5.5a and the corresponding stress-strain curves are shown in 
Figure 5.5b. Following the same procedures, by changing the target strain in the 
cyclic tests, we can obtain the stress-strain curves of cyclic tests to a series of 
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strains, as shown in Figure 5.6. They followed a route of a → b → c → a → d → 
e → c → a. The samples for the typical cyclic tests to different strains were from 
the same batch of silkworm silks reeled at 4mms
-1
. The initial length of silk 
specimen is 20 mm. The stretching measurements were carried out using Instron 
Microtester. The force and distance were sampled with 50ms
-1
. The strain change 
rate is 50% min
-1
. All the experiments were conducted at 22˚C, 50~55% Relative 
Humidity. The stress-strain curves of cyclic tests to different strain (5%, 10%, 




Figure 5. 5 (a) The strain-time curves of the typical cyclic test to a strain of 10% (b) the 







Figure 5. 6 Stress-strain curves of typical cyclic tests to a series of strains (indicated in 
different colours) for silkworm silks (samples were reeled at 4mms
-1
). 
  The stress-strain curves of the series of cyclic tests will give rise to the strain 
recovery for silkworm silk stretched to different extent (Figure 5.6), since SR is 
defined as SR = [(εb – εd)/ εb] × 100%, where εb is the strain input; εd is the perma-
nent set; εb – εd is the strain recovered. Hence, we can characterize the “elasticity” 
which refers to elastic recovery or ability to recover in shape, i.e. strain recovery 
(SR). The results for a silkworm silk fiber and spider dragline silks reeled at the 




Figure 5. 7 Strain recovery (SR) for silkworm silk and spider dragline silks stretched to 





worm silk reeled at 1, 4, 13, 20, 27mms
-1
, which are indicated in the corresponding colours. 
SP 1mm/s represents spider dragline silk reeled at 1mm
-1
. SW 1mm/s represents silkworm 
silk reeled at 1mm
-1
.  
  As we know, a silk fiber can fully recover to its original shape (strain recovery is 
100%) when it is extended to a strain in the linear (elastic) region. From Figure 
5.7, SR of a silkworm silk fiber decrease when it is extended to a strain in the 
nonlinear region. In other words, the silk material will be more difficult to recover 
its shape when it is more stretched. When the silk material is extended 5%, the 
elastic recovery is only around 70%; when the silk material is extended to 25%, 
the strain recovery drops as low as around 30%. Since the stretching of silk 
materials is inevitable in application, this disadvantage that it is hard to recover 
their shape would hinder the application of the silk materials. The strain recovery 
(SR) of silkworm silk fibers decreases in a fast rate at the beginning. The decreas-
ing rate of SR for silkworm silk becomes slow gradually. 
  On the other hand, the strain recovery (SR) of spider dragline silk is nearly 100% 
in a stage in the nonlinear region and starts to decrease. In a whole view, the SR of 
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spider dragline silk stretched to the same strain is higher than silkworm silk 
counterpart. In other words, spider dragline silks display better elastic recovery 
than silkworm silks when they were stretched the same extent. As shown in Figure 
5.7, when a spider dragline silk fiber is extended 5%, SR is as high as 100%, 
higher than 70% for silkworm silk with the same extension; when the silk material 
is extended to 25%, the SR still remains at a relatively higher value of 70%, much 
higher than 30% of silkworm silk. 
  Moreover, the silk reeled at different reeling speeds within the same species (i.e 
either silkworm silk or spider dragline silk) show slightly different SR even when 
stretched to the same extent. 
  The structure of silkworm silk during the stretching and relaxation will be 
characterized and discussed in the next section to correlate the strain recovery (SR) 
to the structure of silk fibers. 
 
5.2.2 Correlation between Elastic Recovery to Structure   
 
  In the previous section, it is known that the strain recovery is decreased as both 
the silkworm and spider dragline silk fiber is more stretched. Furthermore, the 
spider silk have a larger strain recovery than the silkworm silk when both of them 
are stretched to the same extent. Besides, the strain recovery of spider dragline 
silks remains at a value of nearly 100% in a region after linear region, while from 
some point onwards, the strain recovery starts to decrease. 
  On the other hand, it is found that the crystallinity of silkworm silk fiber is 
decreasing when the fiber is under stretching after the yield point.[142] Besides, 
as studied by Du et al.,[5] the crystallinity of spider dragline fiber remains un-
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changed in the strain-hardening region (where the 1
st
 derivative of stress increases 
with the strain). And the crystallinity starts to decrease in the strain-weakening 
region (where the 1
st
 derivative of stress decreases with the strain), right after the 
strain-hardening region. 
  In this section, the elastic recovery will be correlated to the structure for silk 
fibers. Firstly, SR as a function of fractured crystallites ratio is plotted in Figure 
5.8. XRD were used to examine the crystallinity. The fractued crystallites ratio is 
calculated as the decrease of crystallinity by deducting the crystallinity of the silk 
fiber at the stretched state from the crystallinity of the silk fiber at the initial state. 
The results shown in Figure 5.8 indicate that SR  decreases with the fractured 
crystallite ratio. In other words, the ability of the silk fiber to recover to its origi-
nal shape decreases linearly with the ratio of fractured β-crystallites. 
  The β-crystallites can hardly be recovered through the relaxation process once 
they are fractured. The released molecular chain cannot form β-crystallites again 
through the relaxation process. As the silk fiber is stretched to a larger extent, 
more crystallite is fractured; the structure is consequently more difficult to recover 









  As shown in Figure 5.7, spider dragline silk displays different strain recovery 
properties from silkworm silk. This difference may be due to the structural 
difference between spider dragline silk and silkworm silk. It is found that spider 
dragline silks have much more intra-molecular β-sheets (non-crystalline β-sheets) 
than silkworm. Hence the stretching of spider dragline will induce a more obvious 
process of unfolding of the intra-molecular β-sheets before the fracture of β-
crystallite. This unfolding of the intra-molecular β-sheets can be restored, while 
the fracture of β-crystallites can’t. That may explains why spider dragline silk has 
a larger SR than silkworm silk.  
  Figure 5.9 shows the strain recovery (SR) of spider dragline silk during the 
stretching (blue curve) and 1
st
 derivative line of stress-strain curves (black 
curve).The sample for measurement of SR and the 1
st
 derivative line of stress-
strain curves are from the same batch of spider dragline silks reeled at the same 
speed. Point S to H indicates the strain-hardening region where the 1
st
 derivative 
of stress increases with the strain. The region where the strain recovery (SR) keeps 
at nearly 100% happens to coincide with the strain-hardening region. As we know, 
before point H, silk experiences the elastic region followed by strain hardening 
region (where the 1
st
 derivative of stress increases with the strain). The structure 
of the silk fiber can be recovered to its original state in elastic regions. In the 
strain-hardening region, no β-crystallite fractures while only intra-β-sheets unfold 
and release molecular chains.[5] The released molecular chains can be recovered 
as the intra-molecular β-sheet through the relaxation process. As a result, they can 
almost fully recover in shape. Consequently, the stain recovery is nearly 100% in 
this region. It is also known that the crystallinity starts to decrease in the strain-
weakening region (where the 1
st
 derivative of stress decreases with the strain), 
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right after the end point of strain-hardening region H.[5] Once the β-crystallite 
starts to fracture (after point H), the structure of the spider dragline silk can’t be 





Figure 5. 9 Strain recovery (SR) of spider dragline silk during stretching (black square 





. Point H indicates the strain that the β-crystallite starts to 
break. It is also the end point of strain-hardening region where the 1
st
 derivative of stress 
increases with the strain. 











 during the tensile stretching 
was calculated as SR = [(εb – εd)/ εb] × 100%. The silks reeled at different reeling 
speeds possess different strain recovery ability even though at the same stage of 
tensile stretching, i.e. pulled to the same strain, as shown in Figure 5.7. 
  The reason may be due the different structural features of the silks reeled at 
different speeds. Four factors, molecular orientation, crystallinity, amino acid 
motif, and hydration, are discussed to explain the origin of silk’s elasticity.[175] 
The crystallinity and the amino acid motif keeps the same for silks reeled at 
different speeds, while the orientation function f of β-crystallites of the silks 
differs for different reeling speeds (cf. Chapter 3). Hence, we investigate the 
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relation between strain recovery (SR) and the orientation function f of the silks, as 
shown Figure 5.10. The silk fibers in which the β-crystallites are more aligned 
will have larger strain recovery (SR) when all of them are stretched to the same 
extent. 
  As we known, when f is larger, the β-crystallites are more aligned to the fiber 
axis, while the strength to pull a molecular chain out of the crystallite is larger 
when it is more aligned to fiber axis (cf. Fβ (θ) in Chapter 4). As a result, it will be 
more difficult to fracture a β-crystallite, thus the more the stretched silk fiber can 
be restored to its original shape.  
 
 
Figure 5. 10 Relation between SR and the orientation function f of the silkworm silks. Points 
in different colour represent the value of SR of silk stretched to corresponding different 
strain. The error bar of f for points other than black square one is the same as the corre-
sponding black square point with the same value of f. 
  However, the increase of the strain recovery of silk fiber by aligning the β-
crystallites along the fiber axis through increasing the reeling speed cannot 
compensate the decrease of it as the fiber is stretched to a larger strain in this 
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study. Further increasing the alignment of β-crystallites along the fiber axis may 
greatly enhance the strain recovery since we know that the strength to fracture a β-
crystallite has an abrupt rocketing as the orientation angle approaches 20 degree 
(cf. Fβ (θ) in Chapter 4). The difference of orientation function f between spider 
dragline silk and silkworm silk may also influence their strain recovery. However, 
it involves a different dynamic fracture process between the two species. It is hard 
to quantitatively compare the effect of orientation function f on the SR between 
spider dragline silk and silkworm silk. For future study, more efficient way may 
also be explored to increase the strain recovery of silk fibers when they are 
stretched to a relatively large strain. Increasing the percentage of intra-molecular 
β-sheets, which are recoverable through the relaxation process, will be a good way 




  The strain recovery for silkworm silk and spider silks stretched to different 
extent has been examined. The results indicate that as the silkworm and spider silk 
is more stretched, the material will be more difficult to recover its shape. Further-
more, spider silks display better elastic recovery than silkworm silks when they 
were stretched the same extent. It is found that the -crystallites are constantly 
fractured during the stretching. However, the fractured -crystallites can’t be 
restored through the relaxation process. As a result, the strain recovery (SR) is 
then correlated to the structure of stretched silk fibers. SR decreases with the 
fractured crystallite ratio. In other words, the ability of the silk fiber to recover to 
its original shape decrease with the ratio of fractured β-crystallites.  
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  The understanding also explains why, after yield point, the strain recovery (SR) 
remains as 100% in the strain-hardening region for spider dragline silks. In the 
strain-hardening region, no β-crystallite fractures but only intra-β-sheets unfold 
and release molecular chains, which can be recovered as the intra-molecular β-
sheet through the relaxation process, fulfilling the complete strain recovery. After 
the strain-hardening region, once the crystallite starts to fracture, the structure 
can’t be restored to its original state, the strain recovery of spider dragline starts to 
decrease.  
  Furthermore, the silk fibers in which the β-crystallites are more aligned will have 
larger strain recovery (SR) when all of them are stretched to the same extent. The 
strength to pull a molecular chain out of the β-crystallite is larger when it is more 
aligned to the fiber axis. As a result, it will be more difficult to fracture a β-
crystallite, thus the more the stretched silk fiber can be restored to its original 
shape. 
  In conclusion, the decrease of elastic recovery is caused by the fracture of β-
crystallites during the stretching since crystallites are not recoverable through 
relaxation process. The recoverable structure such as intra-molecular β-sheet 
contributes in the elastic recovery because it prevents the fracture of crystallites. 
The understanding not only explains why spider silk has a better strain recovery 
than silkworm silk but also enlightens the design and fabrication of new functional 
elasticity recoverable materials. 
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CHAPTER 6                              
Conclusions and Outlook 
6.1 Conclusions 
  In this thesis, our aim is to get a comprehensive understanding of the structure - 
mechanical properties relationship of the silks. Consequently, the knowledge 
acquired will shed light on how to enhance the mechanical performance of silk 
fibers.  
  In Chapter 3, the mechanical performance and structure of spider and silkworm 
silk fiber reeled at various speeds were experimentally characterized. Both silk-
worm and spider produce more rigid, stronger but less extensible fibers at faster 
reeling speeds. On the other hand, at faster reeling manner, both spider and 
silkworm produce silk fiber with more aligned β-crystallites along the fiber axis, 
with slightly decreased Lc and inter-crystalline distance along fiber axis / /l , in 
addition to similar La, Lb and inter-crystalline distance perpendicular to fiber axis 
l . It also shows slightly decreased crystallinity for spider dragline silk and same 
crystallinity for silkworm silks. Moreover, spider generally produces less rigid and 
stronger silk fibers than silkworms. The silkworm and spider dragline silk has 
similar extensibility and toughness. Silkworms produce silks with less aligned 
nano β-crystallites along the fiber axis than spiders. They have similar size of β-
crystallite along a, b direction (La, Lb) and inter-crystalline distance perpendicular 
to fiber axis l . In addition, silkworm silk has a larger Lc, larger crystallinity and 
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larger inter-crystalline distance along fiber axis / /l  than those of spider dragline 
silk. Based on the above experimental results on the mechanical properties and 
crystalline structure of both silkworm silks and spider draglines reeled in different 
speeds, we build a general relation between the mechanical properties and the 
crystalline structure of silkworm silks and spider dragline silks. The enhanced 
strength of silk fiber may be due to the larger orientation function f (i.e better 
alignment of β-crystallite), smaller crystallinity and smaller inter-crystalline 
distance along fiber axis / /l . 
  In Chapter 4, a multi-scale model (N–NFB model) based on the nano-molecular 
networking and nano-fibril bundles of silk fibers has been put forward to describe 
the most challenging mechanical behaviour, the breakage at the critical point, of 
spider dragline and silkworm silk fibers. The critical point of the fiber breakage 
occurs only at two scales: at the nano scale, a silk fibril breaks once the nano-
molecular networks in the fibril fracture. A silk fiber will break if enough cracks 
(or breaking points of the nano-fibrils) accumulate in a cross section of the fiber. 
The model is able to predict the breaking stress of both spider and silkworm silks 
from their structures Fβ (θ), f, nβ, A. Fβ (θ) has been successfully fitted from the 
experimental results concerning the strength and the structure of silkworm silk 
reeled at different speeds, although it is difficult to be directly measured or to 
simulate in full molecule using the Molecular Dynamic simulation. In addition, 
the strength of spider dragline silks predicted by N–NFB model using the parame-
ters concerning the structure and the same Fβ (θ) agrees well with the 
experimentally measured value. Moreover, the comparison between predicted 
strength by N–NFB, BN, N–SFB models and the measured one also verifies the 
breaking mechanism described by N–NFB model.  
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  In Chapter 5, the strain recovery for silkworm silk and spider silks stretched to 
different extent has been examined. The results indicate that as the silkworm and 
spider silk is more stretched, the material will be more difficult to recover its 
shape. Furthermore, spider silks display better elastic recovery than silkworm silks 
when they were stretched the same extent. The strain recovery (SR) is correlated 
to the structure of stretched silk fibers. SR decreases with the fractured crystallite 
ratio. In other words, the ability of the silk fiber to recover to its original shape 
decrease with the ratio of fractured β-crystallites. Moreover, the understanding 
explains why, after yield point, the strain recovery (SR) remains as 100% in the 
strain-hardening region for spider dragline silks. In the strain-hardening region, no 
β-crystallite fractures but only intra-β-sheets unfold and release molecular chains, 
which can be recovered as the intra-molecular β-sheet through the relaxation 
process, fulfilling the complete strain recovery. After the strain-hardening region, 
once the crystallite starts to fracture, the structure can’t be restored to its original 
state, the strain recovery of spider dragline starts to decrease. Furthermore, the silk 
fibers in which the β-crystallites are more aligned will have larger strain recovery 
(SR) when all of them are stretched to the same extent. It will be more difficult to 
fracture a β-crystallite when it is more aligned to the fiber axis, thus the more the 
stretched silk fiber can be restored to its original shape. The understanding not 
only explains why spider silk has a better strain recovery than silkworm silk but 





  In Chapter 3, the structure-performance relation is built for the silkworm silk and 
spider dragline silks reeled at the indicated speeds. More silk specimens reeled at 
other speeds or fabricated in other condition such as man-made silk can be charac-
terized. In addition, the strategies that can enhance the mechanical properties of 
silk fiber are proposed in this thesis. Future work can be carried out to study how 
the structural features can be controlled in the silk formation stage to fabricate silk 
or silk-like fibers with better mechanical properties.  
 In Chapter 4, the relation between the force to pull a chain out of a β-crystallite 
and its orientation angle Fβ (θ) is fitted from the experimental results concerning 
the strength and structure, because Fβ (θ) is difficult to be directly measured since 
we can hardly pull a molecular chain in a real β-crystallite and observe the orien-
tation angle and the pulling force. It is also hard to simulate the situation in full 
molecule using the Molecular Dynamic simulation due to the limitation of time 
and capacity of the computer. As the development of the capacity of computer and 
numerical methods, more accurate Molecular Dynamic simulation can be done to 
simulate Fβ (θ) and compared with our results. In addition, the crystallite size in 
three dimensions was not considered because the measured size was assumed not 
to influence the Fβ (θ) based on some reference. This simplification can be im-
proved by considering the effect of crystallite size in future study. 
  Moreover, the model illustrating the breaking mechanism in our thesis is able to 
predict the strength of fibers from structural features. Silks obtained in other 
conditions such as man-made silk can be characterized to verify our prediction. 
On the other hand, the extensibility is also a significant representation of the 
mechanical properties of materials. Besides, enhancing the extensibility will also 
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contribute to the improvement of the toughness of silk fibers. Hence, to build a 
model to correlate the structure to the extensibility is also important in the applica-
tion of silk materials.  
  In Chapter 5, the strain recovery of spider silk reeled at higher reeling speed can 
be measured to further proves the assumption. In addition, a model can be built to 
simulate the cyclic process to illustrate the relation between the structural change 
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